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1 Introduction 
The establishment of cell-cell adhesion is an inevitable event during several 

physiological processes including development, morphogenesis and differentiation.  

Modulation of cell-cell contacts and therefore also directed cell sorting, cell migration 

and formation of cell-specific tissues is strictly regulated by a complex machinery 

within each single cell. Upregulation or suppression of distinct proteins involved in 

these cascades is one important tool in this process. Another instrument is the 

directed targeting of proteins to their discrete destination and the establishment of 

distinct signalling pathways which are capable to transfer signals from the 

extracellular space into the cell.  

But moreover, the dynamic interactions between neighbouring cells play a crucial 

role in formation and maintenance of tissues as well as in signal transduction, cell-

cycle control and growth arrest. Especially in epithelial tissues cell contact signalling 

is needed for polarization and thereby for directed transport and uni- or bidirectional 

fluxes of essential substances including nutrients, enzymes, hormones, etc. 

Some of these characteristics are modulated by members of the cadherin 

superfamily, leading to adhesion activity mediated by their extracellular domains as 

well as initiation of intracellular signal cascades. Various cadherins have already 

been shown to be indispensable, especially in the development of organs and 

maintenance of physiological tissue conditions. Thus, dysfunctions of distinct 

cadherins induce severe alterations often connected with malformation or specific 

diseases like cancer.  

In order to understand the basic mechanisms underlying the phenotypes of these 

diseases and especially which enhance their genesis and development, molecular as 

well as functional analysis of the involved proteins is one major aim of life science 

research. During the last decades, this fundamental research was not only able to 

enlarge mankind’s knowledge but it also established a basis for clinical investigations 

and development of effective pharmaceuticals against several diseases. 
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Beside its identification and first description, little is known about biochemical and 

structural properties or the physiological role of protocadherin LKC, one member of 

the mentioned cadherin superfamily.  

A potential role in suppression of carcinogenesis and growth regulation was 

proposed by Okazaki et al. (2003) but the exact mechanisms, including potential 

intracellular interacting partners remain to be dissolved. 

Therefore the aim of this study is to characterize the structural features of this 

protocadherin in detail and to describe the biosynthesis and intracellular transport in 

mammalian cells. Furthermore, functional properties and a potential involvement in 

cell cycle arrest and growth inhibition is explored in a cell culture model. 

Finally, possible implications of discrete protein domains in the expression and 

targeting of PLKC are analyzed by use of deletion mutants in the cell culture model.
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2 Review of the literature 

2.1 The epithelia - gain and maintenance of polarity 

Epithelial tissues are found throughout the whole metazoic organism, serving diverse 

functions like formation of barriers or control of tissue architecture. Beside other polar 

cells (e.g. neurons) epithelial cells exhibit an asymmetry, i.e. they form a distinct 

morphologic structure composed of a basal-apical axis. Thus, we can distinguish 

between an apical membrane which was determined to face the lumen (e.g. of the 

intestine, glandular duct etc.) and a basal cell surface, which is mostly anchored on a 

basal membrane and thereby connected with the underlying connective tissue. 

Thirdly, the intermediate compartment is the zone of cell-cell interaction, termed the 

lateral domain. The membrane of these compartments differs on the one hand in the 

lipid composition and on the other hand in the expression pattern of distinct 

membrane-associated proteins (Massey-Harroche, 2000).  

This establishment of the apical, lateral and basal cell surface domain in polarized 

epithelial cells is maintained by a directed targeting of many proteins to their destined 

localization. Many proteins are known to be transported directly from the golgi 

apparatus to the appropriate cell surface.  

The zonula occludens are commonly used to segregate / subdivide the cell surface 

into an apical and a basolateral domain (Tsukita and Furuse, 2002). The latter term is 

derived from the general observation that the structure of the lateral and basal 

membrane is very similar but can be distinguished from the apical plasma lipid 

bilayer by its protein and lipid composition. Many proteins have been shown to be 

transported either to the apical cell surface or to the basolateral compartment, 

meaning to the basal and lateral membrane. Nevertheless, there are distinct proteins 

which are accurately targeted to the lateral membrane and not found in the basal 

domain. Especially proteins interacting in cell junctions exhibit this specific sorting 

behaviour. Therefore in the present work it will be distinguish between an apical, 

lateral and basal compartment (cp. Figure 1). 
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Well established markers for the basal plasma membrane are for example the 

Na+/K+-ATPase (Caplan et al., 1986) or the stomatits virus G protein (VSVG) (Pfeiffer 

et al., 1985), whereas most enzymes like sucrase-isomaltase, lactase-phlorizin 

hydrolase (LPH) or dipeptidyl-peptidase IV (DPPIV) are targeted to the apical 

membrane (Naim et al., 1988;Jacob et al., 1994;Alfalah et al., 2002). Both types of 

molecules are processed together until the trans-golgi network from where they are 

assumed to be delivered to the cell surface by different populations of vesicles 

(Wandinger-Ness et al., 1990). Targeting to distinct membrane compartments is 

mediated by specific sorting signals, consisting of amino acids sequences, single 

residues or the glycosylation pattern. In case of basolateral transport, these 

determinants are well elucidated and shown to reside on the cytoplasmic tail 

(Hunziker et al., 1991). Here, the most important determinants have been identified 

to consist of a dileucine-motif (Hunziker and Fumey, 1994;Miranda et al., 2001) or a 

specific tyrosine-containing sequence (Brewer and Roth, 1991). 

However, apical targeting motifs are manifold and mostly located on the extracellular 

protein domain or on the membrane anchoring domain (Lisanti et al., 1989). Several 

studies suggest that N- and O-linked glycans might play a crucial role in directed 

apical trafficking of some glycoproteins (Naim et al., 1988;Alfalah et al., 1999;Alfalah 

et al., 2002) whereas others are unaffected by alteration of their glycosylation (Naim 

et al., 1999). 

 

The first clues of a functional role of epithelia were given one and a half centuries 

ago by Emile Du Bois Raymond who demonstrated that frog skin is capable to install 

a certain electrical potential gradient between two salt solutions. However, his 

explanation that the skin must admit selective transport preferentially in one direction 

was only accepted 50 years later when Hans Ussing started comprehensive tracer 

experiments (USSING and ZERAHN, 1951). Until today, his techniques, the “Ussing 

chamber” is widely used to study epithelia and especially functional properties 

connected with unidirectional transepithelial fluxes. 

However, since the establishment of cell culture systems, like Madin Darbin Canine 

Kidney (MDCK) cells, derived from kidney epithelial tissue (Leighton et al., 1969), the 
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transport of endogenous or transfected proteins in epithelia can be studied more 

detailed, using biochemical techniques or immunofluorescence tools. Thereby 

besides an easier handling, an improved standardization can be obtained and 

manipulations on the molecular level are possible. 

Achievement of cell polarity is linked to a distinct state of differentiation of each cell 

within the monolayer. This differentiation occurs during cell proliferation and 

development, mediated by cell-cell contacts and extracellular stimulation via 

hormones (like growth hormones), cytokines or other signals. 

The molecular mechanisms underlying cell differentiation and formation of epithelial 

monolayers are highly conserved among animals (Nelson, 2003). During cell 

development, particular proteins are targeted to the sites of cell-cell contacts, in order 

to establish strong connections with neighbouring cells and finally form a closed 

monolayer of cell which is capable to accomplish barrier functions. 

In vertebrate cells, several connective molecule families are known to form zones of 

cell-cell contacts. The expression of some of them is upregulated (like several 

cadherins) and many proteins are redistributed to the sites of cell-cell contacts (like 

zonula occludens protein 1, ZO-1), when cells gain a certain state of differentiation. 

Therefore a couple of these proteins are addressed as marker of polarity. 

 

2.2 Cell junctions 

As illustrated in Figure 1, at least three different major types of cell junctions can be 

classified: the small zone of tight junctions, located proximal to the apical cell surface, 

the adherens junctions, forming a wider region at the lateral cell-cell contact site, and 

finally the desmosomes, which are primarily present in mechanically stressed 

tissues.  

Additionally, gap junctions connect two neighbouring cells like channels and the 

hemidesmosomes attach the cell to the basal lamina or the extracellular matrix at the 

basal side. 
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Figure 1 Cell junctions between epithelial cells 

 

First of all the tight junctions, also termed zonulae occludentes, are positioned in a 

small belt nearby the apical cell surface. They have been shown to consist of distinct 

molecules like the zonula occludens proteins 1-3, cingulin, the claudin proteins or 

occludin (Stevenson et al., 1986;Furuse et al., 1993). In addition to a mechanical 

linking of adjacent cells, the tight junctions are responsible for the establishment of 

the paracellular diffusion barrier, sealing the intercellular space. Thereby they have 

been proved to show a distinct ion and size selectivity which varies from cell type and 

physiological requirements obviously according to its composition and expression 

levels of distinct tight junction proteins (reviewed by Anderson, 2001). Hence, for 

each epithelia a specific transepithelial electrical resistance (TER) can be measured, 

which is performed in vitro for closed monolayers grown on filter membranes which 

segregate the apical from the basal compartment / chamber. The TER is mainly 

composed of two factors: first the cell type and transcellular permeability and second, 

the mentioned sealing of the intercellular space by the formation of tight junctions. As 
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the first one is mostly constant in one epithelial type, the TER is widely used as a 

parameter for correct establishment of the tight junctions and thereby of cell polarity, 

too. 

The molecular structure of the tight junctions turned out to be a strand-like formation 

of integral membrane proteins from juxtaposed cells, linked to a paired strand leading 

in a decrease of the intercellular space to almost zero.  

Disturbance of these tight junctions is often linked with severe malfunctions and 

diseases due to an increased permeability of the paracellular barrier. For example 

mutations in the gene coding for claudin 14, a tight junction protein which is 

specifically expressed in the inner ear epithelia, cause deafness in man (Wilcox et 

al., 2001). 

 

Adherens junctions are assumed to be large multiprotein clusters, consisting of 

various proteins mainly of the cadherin superfamily. The major function of the 

adherens junctions is to mediate cell-cell adhesion and to transfer extracellular 

signals. This is assured by their structural abilities in a calcium dependent fashion 

(see below). 

Although they are two clearly separated formations without any physiological contact, 

the zonula occludens are functionally linked to the adherens junctions. A block of the 

latter ones with specific antibodies against major protein components (E-cadherin) 

leads to destruction of the tight junctions, too (Gumbiner et al., 1988;Contreras et al., 

2002). Moreover, the establishment of proper adherens junctions is inevitable for the 

formation of zonula occludens, so that we can define a chronology of adherens 

events: the initial contact between two growing neighboring cells is constructed by 

small contact sites, called “puncta” (Vasioukhin et al., 2000). Here dynamic filopodia 

are formed and penetrate into the adjacent cell. This mechanism turned out to be 

facilitated by a calcium dependant, directed actin polymerization. From this starting 

point on, the adherens junction is elongated like a zipper and not before that, tight 

junctions between the two cells can be formed. Cadherins which are localized on the 

tip of these protrusions play a crucial role in the formation of these protruding 

domains embedding into neighbouring cells.  
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One striking difference in tethering two cells together is that up to now cadherins are 

believed to form in vivo only homophilic adherens complexes i.e. the formation of a 

linkage between two cells by a homodimer consisting of two cadherin molecules 

expressed by the same cell type (Yap, 1997). In contrast, establishment of tight 

junctions has been already shown to occur also between cell derived from different 

tissues and even different species (Gonzalez-Mariscal et al., 1989). Therefore, 

cadherins as the major components of adherens junctions are thought to be most 

important in cell-cell recognition and thereby in the correct establishment of an 

epithelial monolayer. 

Thirdly, the desmosomes (macula adherens), are classified as “anchoring junctions”, 

coupling cytoskeletal components to the plasma membrane at sites of cell-cell 

contacts. In contrast to the related adherens junctions, the intracellular link occurs 

here to intermediate filaments like keratin or desmin instead of actin microfilaments. 

Thereby, a dense network extended over numerous cells is constructed. Because of 

the strength of these connections, desmosomes are capable to maintain tissue 

integrity in organs underlying constant mechanical stress like the skin. 

Components of desmosomes are assigned to three major families: cadherin related 

molecules (desmoglein 1-4, desmocollin 1-3), armadillo proteins (plakoglobin, 

plakophilin 1-3) and plakins (e,g, desmoplakin I and II, plectin)  (Huber, 2003).  

 

The molecular structure, determined by immunoelectron microscopy showed that 

proteins in desmosomes are arranged similar to those in adherens junctions. 

Transmembrane adhesion proteins like desmoglein and desmocollin, which are 

expressed on the cell surface, are connected with the cytoskeleton by armadillo 

proteins, mostly plakoglobin, which binds in turn desmoplakin to facilitate the 

association with intermediate filaments.  

Although this is a generally accepted model, desmosomes are supposed to contain a 

wider amount of interacting proteins and also a direct link between the 

transmembrane molecules and the intermediate filaments of the cytoskeleton 

(reviewed by Hatzfeld, 1999).   
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Beside the listed cell-cell contact complexes there exist also the integrin family, 

expressed as a heterodimeric structure consisting of an α- and a β-subunit. Integrins 

are present in focal areas of cell adhesion. The luminal region of these membrane-

anchored proteins binds to extracellular matrix proteins, e.g. collagen and 

proteoglycans. The link to the cell cytoskeleton is hereby mediated by the adaptor 

proteins α-actinin, talin, or filamin, forming a complex with vinculin and actin-

filaments. Thereby, integrins establish cell contacts with the surrounding 

environment. 

Finally the “gap junctions” shall be rather classified as “communicating junctions”. 

They form channel like connections between adjacent cells and therefore their 

functions are predominately the intercellular exchange of substances and signals and 

not the anchoring of cells-cell contacts. 

 

2.3 Cadherins in cell contacts 

Already in the late eighties, cadherins were supposed to play a crucial role as 

morphogenetic regulators by receptor-like activities (reviewed by Takeichi, 1991).  

Soon a motif capable to facilitate intercellular adhesion was found in the extracellular 

domain of several phylogenetically related transmembrane proteins. The “cadherin 

repeat” is a highly conserved amino acid sequence of about 60-110 amino acids. It 

forms a β-sandwich domain with Greek –key folding topology (Shapiro et al., 1995) 

and exhibits a calcium-dependent adhesion activity by formation of preferentially 

homologous dimers (cp. 5.4 Oligomerization of members of the cadherin family). 

Thereby, a molecule-specific cell “recognition” mechanism is installed by these 

repeats, in which the amount of extracellular domains differs among the various 

proteins from 4 (mµ-protocadherin, Goldberg et al., 2000) to 34  (FAT-1 cadherin, 

Mahoney et al., 1991). 

One of the first cadherins identified was uvomorulin or L-CAM (cell adhesion 

molecule), now termed cadherin 1 or E-cadherin, with E for epithelial (Gallin et al., 

1983;Yoshida-Noro et al., 1984). Until today, E-cadherin is the best described 
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cadherin and because of its ubiquitous expression often taken as the prototype for a 

distinctive class of cadherins.  

Shortly after the first publication, many more cadherins were isolated from adherens 

junctions (Tsukita and Tsukita, 1989) by sucrose density centrifugation. Beside 

several new identified cadherins (N-cadherin for neuronal cadherin, P-cadherin for 

placenta cadherin), the authors were also able to isolate actin, vinculin, α-catinin, 

adjacent to the cadherins.  

By time, the cadherin family was enlarged by various proteins, which all more or less 

showed the same characteristics but differed in the amount of extracellular cadherin 

repeats and some particularly in the cytosplasmic tail. Cadherins-like molecules were 

not only found in highly organized organisms but also in invertebrates such as 

Drosophila melanogaster and Caenorhabditis elegans, in which they have been 

studied thoroughly (see for review Nollet et al., 2000). The amount of described 

cadherins was doubled by Wu and Maniatis (1999) as they reported a cluster of 52 

human genes related to the cadherin family.  

 

2.3.1 Diversity of the cadherin superfamily 
Current reviews classify the cadherin superfamily into several subfamilies (Nollet et 

al., 2000): the type I, or “classical” cadherins as well as type II cadherins are both 

strongly connected with the actin cytoskeleton. A third subfamily contains the 

desmosomal cadherins, desmoglein proteins and desmocollins, which are linked to 

intermediate filaments (see above). Finally, protocadherins are predominately 

expressed in the brain and not or only weakly associated with the cell cytoskeleton. 

Aside from these subfamilies there exist various “atypical cadherins”, i.e. molecules 

containing one or more cadherin repeats in their extracellular domain but do not 

exhibit more striking features of cadherins. A schematical overview of the distinct 

structure of several members of the cadherin family is given in Figure 2. 

Attempting to regulate the cadherins nomenclature, the “HUGO Nomenclature 

Committee” assigned each cadherin a distinct number and gene symbol – listed in 

table 1 beside trivial names of the cadherins and their amount of extracellular 

cadherin repeats.  
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Figure 2 Schematic overview of the cadherin superfamily 
(taken from Angst et al., 2001) 
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table 1 Nomenclature and tissue expression of common members of the cadherin 
family 
(taken from Nollet et al., 2000) HAV = histidine-alanine-valine motif, Rn = rattus norwegicus, Hs = 
homo sapiens, Mm = mus musculus, Xl = xenopus, Dm = drosophila melanogaster, Ce = 
Caenorhabditis elegans, Bs = Botryllus schlosseri. 
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Cadherins of the classical type (type I cadherins) are e.g. E-cadherin, N-cadherin, P-

cadherin, R-cadherin, VE-cadherin and cadherin 7, all of them exhibiting exactly five 

extracellular cadherin repeats (EC). They all share a highly conserved cell adhesion 

recognition sequence in the first cadherin motif, consisting of the three amino acids 

histidine-alanine-valine (HAV) (Blaschuk et al., 1990). Blocking this sequence affects 

drastically the adhesion function of classical cadherins (Noe et al., 1999). But not 

only the HAV motif is important, also the flanking sequences seem to play a crucial 

role especially for the selectiveness of binding to the HAV motif (Renaud-Young and 

Gallin, 2002). And although the EC1 domain is supposed to be primarily responsible 

for adhesion activity, different studies with truncated C-cadherin constructs have 

been shown that the isolated EC1 domain is not capable to mediate cell-cell 

adhesion and a construct bearing EC1 and EC2 exhibits only faint adhesion activity, 

but an EC1-EC3-chimera is nearly fully adhesion-competent (Chappuis-Flament et 

al., 2001). 

These findings can be explained either by the simple demand of a distinct distance 

between the active center of adhesion, localized on the EC1 motif and the cell 

surface, bearing various other proteins, which luminal domains might interact with 

calcium ions or adhesion sites of the cadherin. Another possibility is that discrete 

domains, which are not considered yet, play a crucial role in dimerization.  

The close relation between classical cadherins is reflected by its amino acid 

sequence which is strikingly similar with 68 % to 78 % for the EC1, compared to E-

cadherin. Moreover, the cytoplasmic tail is almost identical (69 % to 89 % similarity). 

Type II cadherins, former denamed “atypical cadherin subfamily”, with cadherin 11 as 

prototype, are closely related to the classical cadherins. They too consist of five EC 

domains and show still sequence similarities (43 % to 50 %) to E-cadherin, but they 

do not bear the HAV-motif. 

Cadherins present in desmosomes (see above) are arranged in two groups – 

desmocollins and desmogleins. They resemble E-cadherin in their amino acid 

sequence (50 % and 56 % similarity, respectively) as well as in structure but differ 

especially in the intracellular signalling and linkage to the cytoskeleton. One typical 

feature is the in comparison with classical cadherins prolonged cytoplasmic tail, 
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whereby they are linked to intracellular adaptor proteins and finally intermediate 

filaments of the cytoskeleton (see Huber, 2003 for review). 

All other cadherins – except of protocadherins – are subsumed as cadherin related 

proteins with only a low sequence similarity (lee than 44 %) some examples are FAT-

1, exhibiting 34 EC units, C-cadherin or the “Flamingo”-cadherins. 

An extraordinary position is taken by T-cadherin (cadherin 13, H-cadherin), the only 

known cadherin which does not posses a transmembrane domain but is anchored to 

the membrane by a GPI anchor (Kuzmenko et al., 1998).   

Finally the protocadherins – meanwhile the largest group of cadherin related 

molecules. They have been termed by one of the pioneers in cadherin research, 

Shintaro Suzuki, whose group discovered discrete fragments similar to cadherins by 

chance when he screened for more cadherins exhibiting the five EC domains by RT-

PCR (Sano et al., 1993). As they were able to isolate mRNA of these proteins in a 

wide range of vertebrates and invertebrates, he proposed them to be a kind of 

ancestors for cadherins of the classical type and named them proto-cadherins (from 

Greek “protos” - the first). This hypothesis is derived from phylogenetic studies 

implying that the clustered protocadherins emerged from multiple gene duplications 

(Vanhalst et al., 2001).  

However, investigations in the genomic sequences of minor developed species like 

Drosophila or C. elegans contradict this conclusion. For none of the 15 or 17 

protocadherins expressed in fruit fly and worm a direct human analogue was 

identified (Hill et al., 2001).  

Moreover, sequence similarities to the cytoplasmic tail of classical cadherins were 

revealed, leading Frank et al. to the conclusion that protocadherins evolved - contrary 

to the prior assumed hypothesis – rather late during evolution in chordates or early 

vertebrates (Frank and Kemler, 2002).  

Most of the approximately 80 described members of the human protocadherin 

subfamily are arranged in three clusters, termed α, β, γ. The β-protocadherin 

comprises single exons, flanked by individual 5’-promoters, whereas α- and γ-

protocadherin genes contain three additional downstream exons, coding for a cluster-
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specific constant domain, represented by the cytosolic tail of the protein (for review 

see Frank and Kemler, 2002).  

Almost all protocadherins are expressed in the nervous system (Kohmura et al., 

1998) but there are also several proteins known to be expressed in other tissues – 

like the presented protocadherin LKC. 

The structure of protocadherins is variable. Beside the amount of extracellular 

repeats varying from 4 (mµ-protocadherin, Goldberg et al., 2000) to 34  (FAT-1 

cadherin, Mahoney et al., 1991), their cytoplasmic tail is unique. Although to a lower 

extent, most of the protocadherins tested exhibit a definite cell-cell adhesion activity 

(protocadherin 1, 12, Arcadlin, µ-protocadherin and VE-cadherin 2) which was 

basically calcium dependent (reviewed by Frank and Kemler, 2002). However, they 

do not share the conserved tryptophane residue described for classical cadherins. 

Therefore, cell adhesion mediated by these proteins can not be explained by the 

common strand dimer model. But still discrete interfaces capable of cell aggregation 

need to be identified. 

 

As mentioned before, classical cadherins exhibit a homophilic adhesion activity which 

was thought until recently to be established only between two molecules of the same 

protein. In contrast, younger studies showed that some cadherins are able to co-

aggregate with other types of cadherins in heterologous complexes, e.g. 

conglomerates of cells transfected with N-cadherin mixed up with R-cadherin-

expressing cells (Shan et al., 2000). However, some combinations of cadherins do 

not exhibit this feature – E-cadherin for example will not form adhesive dimers with 

N-cadherin (Duguay et al., 2003). Further insights into the molecular mechanism 

underlying this phenomenon are discussed in 5.4 Oligomerization of members of the 

cadherin family. 

Similar results have been obtained for class II cadherins. Some of them are also 

capable to interact with members of the same subfamily. Nevertheless, up to know it 

was not possible to prove any interaction between members of the different two 

subfamilies. This is an important precondition for the hypothesis that by expression of 

different types or clusters of cadherins, specific cell sorting and directed cell 
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migration can be achieved. Given this, the establishment of tissues composed by 

only one cell type or a specific cell targeting during embryogenesis might be 

explainable. For example, the separation of the neural tube from the ectoderm is 

supposed to be mediated by expression of N-cadherin (neuronal precursor cells) or 

E-cadherin (epithelial type), respectively. 

Furthermore, the differentiation of skeletal muscle precursor cells (myoblasts) into 

mature cells (myotubes) is promoted by N-cadherin in a calcium dependent fashion 

in a cell culture model (George-Weinstein et al., 1997). 

Particularly for the development of the brain it has been suggested that a directed 

expression of various protocadherins and their interaction with each other on 

juxtaposed cell or with the extracellular matrix plays a key role in the formation and 

maintaining of distinct compartments of the central nervous system. This assumption 

was arisen from the observation that γ-protocadherins are already present in early 

embryogenesis and are especially enriched in the synapses (Wang et al., 

2002;Weiner et al., 2005).  

This mechanism requires a very exact coordinated temporal and spatial regulation of 

the expression of different members of the cadherin family. Yet the underlying 

molecular mechanism has not been explored. One hint might be the clustering of 

protocadherins on three chromosomal loci (5q31, 13q21 and Xq21) – raising the 

possibility to be under the control of a complex network of interacting promoters. 

Wang et al. (2002) generated knock out mouse missing the whole γ-protocadherin-

cluster which contains 22 single genes. These animals show a decreased synapse 

density in the spinal cord and a significant loss of discrete subpopulations of spinal 

neurons by apoptosis late in embryogenesis. Interestingly, this happens exclusively 

to interneuronal cells and axonal growth, adhesion capacity and migration of 

neuronal cells of the spinal cord, hippocampus cortex and peripheral sensory 

neurons are not affected – although they too physiologically express high levels of γ-

protocadherins.  

This led the authors to the conclusion that γ-protocadherins or at least some 

members of this subfamily are required for the development of the nervous system 

by preventing apoptosis of the interneurons and not by direct affection of neuronal 



REVIEW OF THE LITERATURE 

 

 27

cells. A different explanation could be that the missing γ-protocadherins are 

functionally compensated by protocadherins of the α- and β-cluster. However, this 

can only be accomplished to a distinct degree as the mice die in the early postnatal 

period. 

 

2.4 Intracellular signalling of cadherins 

2.4.1 Classical cadherins 
Cell-cell adhesion has been since long supposed to initiate an intracellular signalling 

cascade. Yet investigation of the distinct components and steps are difficult to 

identify as normal signal pathway experiments include a starvation of the cells for the 

inducing signal – which is in this case impossible because cell-cell contacts inducing 

cadherin signalling are always and ubiquitous exhibited.  

Nevertheless different groups established various techniques to induce cell-cell 

contact mediated cadherin signalling. Because of the dependence on extracellular 

calcium concentration, an often used possibility is the so called calcium switch. Here 

cells were seeded at low density to avoid any cell contacts. They were cultured in low 

calcium medium (5 µM) until they reach a certain density. Due to the lack of calcium 

ions, cell contacts by adherens junctions were not formed. After a switch to high 

calcium concentrations (1.8 mM), adherens junctions were constructed by cadherin-

cadherin interactions and intracellular signalling is induced.  

Another possibility is the enrichment of interacting molecules, e.g. truncated 

extracellular domains, in the medium of a single cell culture. A very creative 

approach was presented by the group of Yap (Kovacs et al., 2002b) who used a 

chimera of the luminal part of E-cadherin fused to the Fc-region of human 

immunoglobulin G. 

It has been reported very early, that classical cadherins strongly bind intracellular 

partners in a complex (Ozawa et al., 1989). Three different polypeptides which did 

not interact with E-cadherin antibodies were identified by co-immunoprecipitation as 

α, β and γ-catenin.  
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Meanwhile, the principle of intracellular signal transfer by classical cadherins is well 

elucidated, although it became complicated during the last years by enrichment of 

the model with more and more interacting molecules. For better understanding, a 

schematic model is given in Figure 3. 

 

 

Figure 3 The cadherin-catenin complex and interacting proteins 
(taken from Angst et al., 2001) 

 
 

First, β-catenin (β) binds directly to the cytoplasmic tail of classical cadherins, which 

is highly conserved among members of this subfamily (cp. 2.3.1 Diversity of the 

cadherin superfamily). In turn, β-catenin is adapted to α-catenin (α) which finally links 

the cadherin-catenin complex via vinculin (V) to the actin cytoskeleton (for review see 

Kobielak and Fuchs, 2004).  

Concurrence for α-catenin binding to β-catenin evolves from IQGAP1, a target for 

small GTPases of the Rho-family (cdc42 and rac1), which competes with α-catenin 

for an overlapping binding site on β-catenin (C). Thus, a dissociation of the adherens 

junctional complex from actin cytoskeleton can be forced by IQGAP1 (Vasioukhin et 

al., 2000). 
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Moreover, low calcium levels lead to an association of IQGAP1 with the small 

GTPases cdc42 and rac1 (Fukata et al., 1999). By interfering with the GTPase-

activity, a stable complex is formed and the inhibitory effect of IQGAP1 on junctional 

adhesion is disturbed.  

In contrast, at elevated cytosolic calcium concentration IQGAP1 is not efficiently 

bound to cdc42 / rac1 and capable to interfere with the cadherin-catenin complex. 

Therefore, the intracellular calcium concentration and activation of the Rho family 

GTPases seem to mediate cadherin dependent cell-cell-adhesion by IQGAP1 acting 

as a trigger. This model is underlined by experiments of Rac1 transfected in CHO or 

MDCK cells, where a significant recruitment of Rac1 to E-cadherin stained filopodial 

sites of cell-cell contacts and an activation of this small GTPase is reported (Ehrlich 

et al., 2002;Kovacs et al., 2002a).  

Furthermore, the introduction of a dominant negative variant of Rac1 abolished the 

formation of E-cadherin induced filopodia in CHO-cells (12). Lastly, striking evidence 

of E-cadherin mediated activation of Rac1 was given by Betson et al. who showed 

that clustering of cell surface E-cadherin in keratinocytes was sufficient to activate 

endogenous Rac1 (Betson et al., 2002). 

In contrast, Rac1 has been reported to inhibit N-cadherin induced myogenesis 

(Meriane et al., 2000).  

This contradiction may again reflect the different dimeric organization, revealed by 

crystal structure analysis. This is in line with other reports, indicating that N-cadherin 

does not – unlike E-cadherin – lead to an activation of Rac1 or cdc42 (Charrasse et 

al., 2002).  

However, VE-cadherin in endothelial behaves in the same way like E-cadherin. 

Introduced in a VE-deficient endothelial cell line, the protein was able to activate 

Rac1 and moreover, this activation was inevitable for maintaining of endothelial 

junctions. The group also reported that VE-cadherin is capable to induce filopodial 

cell margin protrusions similar to E-cadherin (Kouklis et al., 2003).  

Derived from these discrepancies it seems to be likely, that beside the cadherin itself, 

cell type and expression of discrete intracellular signalling molecules play an 

important role in the activation or deactivation of signal-pathways.   
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Although current knowledge is far from determination the whole cadherin-related 

machinery, the puzzles becomes step by step more detailed – and more 

complicated. Only recently, two more proteins have been described to be involved in 

regulation and linkage of the cadherin-catenin complex : profilin I (Neuhoff et al., 

2005) and forming-1 (Kobielak et al., 2004).  

Formin-1 interacts with α-catenin in regions of the adherens junctions and was there 

found to polymerize actin filaments upon activation of classical cadherins, leading to 

reorganization of the cell cytoskeleton. In case of profiling I, a functional implication in 

cadherin-mediated cytoskeleton modulation of nerval cells has not been proved yet, 

but a striking colocalization of profilin I with α-catenin in regions of synaptic 

protrusions has been reported by the authors. Both proteins may be involved in the 

catenin-mediated organization of actin filamentous structures in submembranous 

regions of the adherens junctions or the synapses respectively. 

One great step for the explanation of cadherins involved in growth inhibition and cell 

and cell cycle arrest was the observation, that β-catenin is able to form heterodimers 

with T-cell factor transcription factors. These complexes interact with the Wnt-

pathway, which has been reported to upregulate transcription of genes responsible 

for regulation of cell growth and differentiation. In cells undergoing tumorigenesis the 

Wnt-pathway was often shown to be disregulated. By sequestering β-catenin, 

cadherins are able to cross react with the Wnt-signalling cascade and thereby 

mediate growth arrest. Therefore, β-catenin is often addressed as a “protooncogene” 

(Stockinger et al., 2001).  

The authors postulate that a loss of cadherin expression results in elevated levels of 

β-catenin interfering with the Wnt-pathway and finally induce an increased 

proliferation rate, which can be observed during transformation and in the evolution 

of cancer (cp. 2.5 Cadherins in diseases). 

This hypothesis was tested with ambivalent results: in E-cadherin deficient human 

breast cancer cell lines, no transcriptional modification induced by Wnt-signalling has 

been found (van de Wetering M. et al., 2001). On the other hand, overexpression of 

E-cadherin in colon cancer cells led to masking of active β-catenin and growth arrest 
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of tumorous cells (Gottardi et al., 2001). Hence, these findings emphasize the 

conclusion that intracellular signalling is cell-context specific.  

One more implication in cell signalling is given by the interaction of cadherins with 

receptor tyrosine kinases. N-cadherin e.g. has been reported to mediate dimerization 

of the fibroblast growth factor (FGF) receptor which results in an FGF independent 

activation, leading to the outgrowth of neurites in the tested cell culture system (Utton 

et al., 2001). However, the specific mechanism has not been resolved yet. Derived 

from the observation that the fourth EC motif is sufficient for FGF-receptor 

dimerization, one group concluded that this activation is not modulated by 

intracellular cross interaction of the two pathways but rather by a direct reacting of 

the luminal domains (Kim et al., 2000). 

Similar, E-cadherin is capable to facilitate a ligand-independent activation of the 

epidermal growth factor (EGF) receptor connected with a subsequent activation of 

the MAP-kinase pathway (Pece and Gutkind, 2000)  

Recapitulating, cadherins of the classical type have been proved to interfere in at 

least three distinct intracellular signalling cascades: first the classic cadherin-catenin 

complex which is linked to the actin cytoskeleton and in part influenced by members 

of the Rho GTPases and intracellular calcium concentration. Secondly, a competing 

for β-catenin modulates Wnt-pathway activation and lastly, a ligand independent 

activation of discrete (growth) receptor tyrosine kinases. Thus, classical cadherins 

are a powerful tool in modulation of cell cycle arrest, growth inhibition, differentiation 

and proliferation. 

 

2.4.2 Protocadherin signaling 
Intracellular signalling pathways for protocadherins are not as well elucidated – partly 

because most members of this family have been explored only recently, partly 

because their cytosolic tails are manifold and hence potential binding partners are 

variable. However, the tyrosine kinase Fyn has been reported to bind to the constant 

domain of α-protocadherins in the brain (Kohmura et al., 1998). Fyn is implicated in 

neurite growth, which is induced by the neural cell adhesion molecule (NCAM)-140. 
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Therefore, a role in protocadherin mediated growth regulation, induction of 

differentiation signal transduction in the cerebellum and forebrain was suggested.  

In addition, γ-protocadherins in the brain have been recently shown to interact with 

the microtubule-destabilizing protein SCG10 but the discrete mechanism and 

function of this interaction has not been resolved yet (Gayet et al., 2004).  

Likewise, detailed knowledge about BH-protocadherin-c (protocadherin 7) interacting 

with the α-isoform of protein phosphatase 1 (Yoshida et al., 1999) has not been 

acquired yet. The authors only showed a colocalization and binding affinities between 

both proteins but no functional implications of this protocadherin. 

Protocadherin 18 has been shown to bind the phosphotyrosine binding motif of the 

adaptor protein disabled 1 which is involved in reelin signal pathway, leading to a 

proper differentiation of nerval cell in the cortex (Homayouni et al., 2001).  

Surprisingly, functional studies with axial protocadherin (AXPC) and paraxial 

protocadherin (PAPC) in xenopus blastomeres demonstrated, that the aggregation 

activity was significantly increased, when variants of the proteins lacking the cytosolic 

domain were use. Therefore it might be speculated that here the intracellular domain 

acts as a negative determinant of cell adhesion (Kim et al., 1998;Kuroda et al., 2002). 

Both proteins play a crucial role in development during embryogenesis of xenopus 

and zebrafish and especially in formation of ectoderm and neural fold after 

gastrulation which is enhanced by overexpression of these protocadherins. Vice 

versa, injection of the mRNA of a negative form of AXPC resulted in an incomplete 

separation between mesoderm components and neuronal precursor cell. 

  

2.5 Cadherins in diseases  

The expression and regulation of various cadherins in distinct tissues have been 

discussed above to be inevitable for development, establishment of tissue 

morphology and maintaining of cell layer. Most in vivo studies have been performed 

xenopus, zebrafish or in invertebrates such as drosophila or C. elegans. Here, the 

influence on single cadherins or protocadherins can been proved easily by gain- or 

loss of function experiments (e.g. AXPC, PAPC and C-cadherin in xenopus). The 
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situation becomes more complex when investigations were done in mammalian 

because of the redundancy of the various expressed cadherins, which might be 

capable to compensate each other. Examples are the missing effect of deletion of the 

whole γ-protocadherin cluster on neuronal cells (cp. 2.3.1 Diversity of the cadherin 

superfamily) or the lack of any phenotype in protocadherin 8 knock-out mice 

(Yamamoto et al., 2000). However, dysfunction of discrete members of the 

cadherin superfamily has been shown to be implicated in several diseases. 

 

2.5.1 Mutations in genes coding for cadherins 
Mutations in the gene encoding protocadherin 15, a protocadherin with 11 EC 

domains expressed in neuronal tissues, cause distinct defects of neuroepithelia in 

the inner ear in mice (Ames waltzer syndrome) and in man (Ushing syndrome), 

resulting in phenotypes of deafness and vestibular malfunction as well as in retinal 

degeneration with subsequent visual impairment (Alagramam et al., 2001;Ahmed et 

al., 2003). Surprisingly, the latter is not affected by some mutations, causing “non-

syndromic” deafness with defects in the inner ear but without affecting visual 

function. 

The responsible molecular mechanisms for the drastic clinical symptomatic are not 

fully elucidated yet. It has only been reported that loss of function of protocadherin 15 

results in a disorganization of stereocilia bundles and inner ear neuroepithelia. The 

authors supposed that protocadherin 15 is probably involved in development and 

maintaining of neuron cell layer by facilitating lateral adherens contacts between 

stereocilia in the inner ear as well as in proper establishment of photoreceptor cells in 

the retina. The two missense mutations underlying the “non-syndromic” phenotype 

are located on EC1 or EC2 leading to the conclusion that protocadherin 15 serves 

different functions in the inner ear and the retina respectively which are both 

mediated by different interfaces of the same protein. 

The protocadherin Celsr1, a mammalian homologue of the flamingo 

protocadherins identified in drosophila is responsible for head-shaking 

syndrome and neural tube defects observed in both hetero- and homozygote 
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mice. The identified mutants affect polarity of hair cells in the organ of Corti 

which thus exhibit an undirected orientation (Curtin et al., 2003). Electron 

microscopy pictures showed that cell shape is dramatically altered and polarity 

is not established at all. This is in contrast to mutants responsible for the Ames 

waltzer syndrome because there cell polarity is first exhibited but then 

abolished after failed cell-cell contact inhibition.  

Additionally, in homozygote Celsr1 deficient mice, the neural tube is not 

properly closed, hinting at an important role of this protocadherin in 

neurulation.  
 

2.5.2 Autoimmune diseases 
Another involvement of a cadherin subgroup are the onset of skin disease complexes 

like pemphigus (Koch et al., 1997b;Amagai, 1999) or staphylococcal scalded-skin 

syndrome (Amagai et al., 2000). These autoimmune diseases are not caused by 

misfunction of cadherin molecules but by the production of autoantibodies against 

desmogleins, which are components of the desmosomes, tethering mechnical 

stressed tissue and therefore highly expressed in the skin (cp. 2.2 Cell junctions). 

Varying by their targeted desmosomal cadherin, several types of pemphigus disease 

can be distinguished. All of them have in common that a T-cell induced production of 

autoantibodies against desmosomal adhesion proteins (desmosomal cadherins) 

leads to a loss of adhesion between keratinocytes. According to the quantitative 

and spatial expression of the affected desmosomal cadherins the severity of 

the disease subtype ranges from light cutaneous symptoms to life threatening 

blisters and acantholysis, separating the upper layers of the skin.  

In Pemphigus vulgaris, which is the most common type (one to five affected 

people per one Million) desmoglein 1 and 3 are the major targets. Due to the 

expression of these proteins, this subtype causes acantholysis and severe life 

threatening affection of the whole skin, including also oral erosions in some 

subtypes. 
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In contrast, in pemphigus foliaceus only desmoglein 1 is attacked, leading to 

less severe disease subtype and oral erosions are never found. This is 

explained by desmoglein 3 which is able to compensate the impaired function 

of desmoglein 1 in the deeper layers of the skin. In the superficial strata, only 

desmoglein 1 is expressed and therefore these regions are affected by 

autoantibodies, blocking the adherens function of the desmosomal cadherin. 
 
 

2.5.3 Implications of cadherins in carcinogenesis 
In various tumors the expression of distinct cadherins has been found to be 

abnormal and transfection of various epithelial carcinoma cell lines with 

cadherins results often in a re-establishment of a normal monolayer structure. 

Therefore this approach is often used to determine a potential tumor-

suppressor activity of newly identified cadherins.  

For E-cadherin, the best analyzed member of the cadherin, a significant 

alteration of protein expression has been reported for gastric carcinoma, head 

and neck cancer, bladder, prostate, colon and breast cancer (reviewed by 

Peinado et al., 2004). In most samples, protein levels of E-cadherin are 

significantly decreased either by promoter methylation or transcriptional 

repression. 

In breast cancer partial or general loss of E-cadherin is connected with 

deficient cell differentiation, increased invasiveness and formation of 

metastases, resulting in poor prognoses (Oka et al., 1993;Heimann et al., 

2000).  Moreover, the distinguished two variants of breast cancer are reflected 

by different affection of E-cadherin expression: in infiltrating ductal breast 

cancer, the protein is only slightly downregulated whereas 85% of the 

infiltrative lobular breast cancer samples are E-cadherin negative (for review 

see Berx and van Roy, 2001). In almost all of these cases, the catenin 

complex is no more detectable as well. In 56% of the patients, somatically 

acquired mutations in the gene coding for E-cadherin can be identified, 
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resulting in a functional defective protein which is mostly truncated or 

shortened by premature stop codon insertions. These crippled proteins are 

already detectable in early stages during the onset of tumorigenesis, leading to 

the conclusion that E-cadherin plays indeed a crucial role in suppression of 

sporadic breast cancer. Analog mutations are only found in diffuse gastric 

carcinomas, whereas other cancer specimens do not show any affections of 

the E-cadherin coding regions.  

However, the proposed implication of E-cadherin downregulation in 

carcinogenesis by enhanced Wnt-signalling caused by a missing sequestering 

of β-catenin from the intracellular pool turned out to be not the determining 

factor at least in breast cancer development, as β-catenin levels were 

decreased to a smiliar extent as E-cadherin. 

Interestingly, a downregulation of E-cadherin is sometimes linked with an 

increase of N-cadherin concentrations in the same tissues, which correlates 

with invasion and motility, leading to the conclusion that the altered expression 

pattern of these two cadherins drives forward distinct properties of malignant 

transformation (Nieman et al., 1999).  

This finding emphasizes that not only the adhesion capacity and the 

intracellular signalling of a discrete cadherin is important but rather its cell 

specific quantitative expression determines the role in maintaining tissue 

connectives – which might differ among various cell types from tumor 

suppressor to a powerful promoter of metastasis. 

Similar implications of E-cadherin are reported about gastric cancer. Here, 

downregulation of E-cadherin is established as an independent prognostic 

marker (Shimada et al., 2004). Further studies revealed that the expression 

level of E-cadherin is directly decreased by dysadherin, a cell membrane 

glycoprotein, but the detailed mechanism is not explained yet. 

A very interesting finding was reported by Nawrocki-Raby (2003) who detected 

a soluble, 80 kDa extracellular shedded fragment of E-cadherin which was 
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capable to upregulate matrix metalloproteases in lung cancer and thereby 

promoted tumor invasion. 

In a similar fashion to E-cadherin downregulation, T-cadherin expression is 

diminished in several types of carcinoma (Toyooka et al., 2001). This 

phenomenon is not explainable yet, as T-cadherin lacks a cytoplasmic domain 

and therefore an implication in intracellular signalling pathways should be hard 

to establish. One possibility is that a decreased expression of T-cadherin is 

rather a consequence than the cause of carcinogenesis in the described 

cases. 

The molecular basis for cadherin induced cell cycle arrest has been suggested 

to involve the cyclin-dependent kinase inhibitor p27KIP1 (Levenberg et al., 

1999). The group was able to show that proliferation rate of fibroblasts, stably 

transfected with N-cadherin, is dramatically decreased and that cells are 

retained at the G1-phase when incubated with N-cadherin coated beads. This 

growth arrest was connected with a significantly increase of p27KIP1 levels. 

Therefore the authors concluded that N-cadherin mediates growth arrest upon 

cell-cell contacts via elevation of intracellular p27KIP1. Similar results have been 

gained prior using E-cadherin in a cadherin-deficient mouse mammary 

carcinoma cell line. Transfection of E-cadherin led here to an increase of 

p27KIP1 as well (St Croix et al., 1998). 

In contrast, several cadherins are known to become upregulated during 

tumorigenesis. Besides an increment of N-cadherin in mammary tumors and 

other cancers (described above) cadherin-11 is overexpressed in breast and 

prostate carcinoma cell lines and specimens taken from some types of gastric 

and prostate cancer (Tomita et al., 2000). The authors therefore propose that 

the aberrant expression of different cadherins plays a key role in acquisition of 

invasive or metastatic phenotype. Taken this, the function of cadherins in 

modulation of adhesive contacts between different cell types is more important 

than their intracellular signalling and the sometimes observed decreased 
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expression is indeed an outcome of carcinogenesis and not implicated in the 

onset of this process – already it might occur very early. 

 

2.6 Protocadherin LKC 

Protocadherin LKC (PLKC) has been identified by Okazaki et al. (2003) by screening 

“human novel transcripts” (Hunt) for new cadherin genes. They found an open 

reading frame, coding for a protein of approximately 1300 amino acids, which 

exhibits cadherin-like features and shows some similarities to fat-cadherin which is 

expressed in drosophila. 

In silico studies and sequence analysis revealed that the newly identified protein is a 

type I transmembrane glycoprotein, i.e. the C-terminal part is located in the 

cytoplasma and the amino-terminus is exhibited to the lumen (schematically shown in 

Figure 4). The extracellular domain of PLKC contains seven cadherin repeats (EC1-

EC7, cp. 2.3.1 Diversity of the cadherin superfamily) and the cytosolic tail is 

terminated by a potential PDZ-binding motif (PDZ), which is found in several proteins 

linked to lateral transport (cp. 5.2.1 Role of PDZ binding sequences in protein 

transport). 

 

TM Cytosolic PD
ZSignal

sequence EC1 EC2 EC3 EC4 EC5 EC6 EC7 - COOHH2N -

1310 amino acids
 

Figure 4 Structure of PLKC 

 
By a multiple northern tissue blot (Figure 5) mRNA expression was found in liver, 

kidney and intestine tissue (colon and small intestine), leading to the nomenclature 

“protocadherin LKC” (liver, kidney, colon). Immunohistochemical analysis showed a 

discrete apical localization in kidney tubulus, liver and colon epithelia. 
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Figure 5 Detection of protocadherin mRNA in multiple northern tissue blot 
(taken from Okazaki et al., 2003) 

 

Moreover, expression of protocadherin mRNA (estimated by RT-PCR) and protein 

(detected in immunhistochemistry) was significantly downregulated in liver, kidney 

and colon cancer specimens. Therefore, the authors tested the potential tumor 

suppressor activity of PLKC using a cell culture model (HCT116 cells), derived from 

colon carcinoma, which does not express endogenous protocadherin LKC or other 

members of the cadherin family. After transfection with PLKC-GFP, the prior heap-

like morphology of cell colonies changed in an orderly closed monolayer. These in 

vitro results were underlined by in vivo experiments, in which the group inoculated 

subcutaneously HCT116 cells stably expressing PLKC or a mock vector in mice. In 

all cases of control cells carcinoma were formed, whereas a remarkably high amount 

of HCT116-PLKC cells underwent degradation or at least stopped tumorous 

expansion.   

In order to identify intracellular binding partners, the authors applied a yeast-two-

hybrid screening system. Thereby they were able to detect a human homologue of 

mouse MAST205 (microtubule-associated in the spermatid manchette 

serine/threonine kinase-205 kDa). Beside the kinase activity domain, this protein 

exhibits a PDZ domain, through which a possible binding of PLKC can take place. 

The interaction was confirmed by co-immunoprecipitation and fluorescence 

microscopy, showing that MAST205 is recruited to the cell membrane and 

colocalizes there with PLKC. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Chemical reagents 
(+)-biotin-N-hydroxy-succinimide ester, streptavidine conjugated with horseradish 

peroxidase, Cytochalasin-D, Pepstatin, antipain, aprotinin, leupeptin, 

phenylmethylsulfonyl fluoride, trypsin inhibitor, saponine, Lubrol, Triton X-100, Brij 

96, and molecular mass standards for SDS-PAGE were purchased by Sigma. 

LipofectamineTM 2000 was obtained by Invitrogen, Karlsruhe, Germany. Geneticin® 

was purchased by Life Technologies Inc. (Gaithersburg, USA). Mowiol® 4-88 was 

supplied by Calbiochem, an affiliate of Merck, Darmstadt, Germany. [35S] methionine 

and DEAE-dextrane came from (Amersham Pharmacia Biotech, Freiburg, Germany). 

DSP, DTSSP and SuperSignal® ELISA Femto Maximum Sensitivity Substrate were 

ordered from PIERCE (Rockford, IL, USA). 

DTT, ethidiumbromide and APS were obtained by Merck, Darmstadt, Germany. 

Glycerin, EDTA, EGTA, TEMED, Tris, Tween-20, Phenol, NaCl, acrylamide 

rotiphorese and agarose were delivered by the Carl Roth GmbH, Karlsruhe, 

Germany. 

 

3.1.2 Media and solutions 
Streptomycin, penicillin, glutamine, Dulbecco’s Modified Eagle’s Medium (DMEM), 

methionine-free minimum essential medium (MEM), MEM alpha modification 

medium, Roswell Park Memorial Institute (RPMI) 1640 medium, fetal calf serum and 

trypsin (0.05 % trypsin and 0.02 % EDTA in PBS) were ordered from BioWest, 

Nuaillé, France. Phosphate buffered saline was composed of 0.8 % NaCl, 0.2 % KCl, 

8 mM Na2HPO4, 1.5 mM K2HPO4. 
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3.1.3 Antibodies 
Anti-ZO-1 and anti-occludin are polyclonal rabbit antibodies, produced by ZYMED® 

Laboratories (Invitrogen, San Francisco, USA) in a concentration of 0.25 µg / µl. Both 

were used in immunofluorescence at 10 µg / ml. 

A monoclonal antibody (mAb) against the cytosolic region of E-cadherin was 

purchased from BD Transduction Laboratories (Clontech, Palo Alto, CA, USA). This 

antibody (250 µg / ml) was used 1 : 25 in immunofluorescence and 1 : 250 in western 

blot. For detection of PLKC-YFP, a mAb anti-GFP (Clontech) was used in 

immunoprecipitation at 0.2 µg / ml and 1 µg / ml for western blot. Anti-myc antibody, 

supplied by Invitrogen was uses at 0.3 µg / ml in immunoprecipitation and 3 µg / ml 

immunofluorescence. 

The PepI antibody, directed against the cytosolic domain of PLKC was kindly 

provided by Prof. Dr. Hisashi Koga, Kazusa DNA Research Institute, Chiba, Japan. 

Staining of actin molecules was performed utilizing phalloidin-ALEXA Fluor 546 

(Invitrogen) at a final concentration of 2 µg / ml. 

For secondary antibodies, Cy3 anti rabbit was purchased by sigma, and ALEXA 

Fluor 568 anti mouse was obtained from Invitrogen. 

 

3.1.4 Host bacteria 
XL10-Gold® ultracompetent cells (Stratagene, CA, USA) were purchased from 

Invitrogen. Genotype : F´(Kim et al., 1995) mcrA (mrr-hsdRMS-mcrBC) 80lacZ

M15 lacX74 recA1 araD139 (ara-leu)7697 galU galK rpsL (StrR) endA1 nupG  

 

3.1.5 Plasmids 
The pcDNA3.1 myc-his B vector and Topo TA 2.1 vector were purchased from 

Invitrogen. The pEYFP-N1 and pDsRed-N1-Monomer eukaryotic expression vectors 

were obtained from Clontech.  

PDsRed-ER, containing the signal sequence of calreticulin as a specific marker for 

the ER and a C-terminal KDEL ER-retention sequence and GT-DsRed, staining the 
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trans-golgi by encoding the N-terminal 81 amino acids of human beta 1,4-

galactosyltransferase (GT)  were also purchased from Clontech. 

 

3.1.6 Mammalian cell lines 
In this study following cell lines were used:  

COS-1 cells are unpolar, mesenchymal cells, which exhibit a shape similar to 

fibroblasts. They were isolated from kidney tissue of African green monkey 

(cercopithecus aethiops) and transformed by an origin-defective mutant of SV40-

virus.   

Chinese hamster ovarian (CHO) cells are also non-polarizing, fibroblastoid cells, 

established from cricetulus griseus ovary biopsy tissue. 

CHO/Lec1, CHO/Lec2 and CHO/Lec8 cells were isolated 1975 by Pamela Stanley 

from lectin-resistent CHO cells (Stanley and Siminovitch, 1977;Stanley et al., 1975). 

Madin Darby Canine Kidney (MDCK) II cells were derived from canine renal 

collecting duct and commonly used as a model for epithelia cells, polarized trafficking 

and analysis of cell-cell interactions (Leighton et al., 1969).  

HT29 cells are polarized cells originated from human colorectal adenocarcinoma. 

HuH7 is a human hepablastoma cell line which underlies complex differentiation like 

epithelial cells and there establishes polarization but does not show distinct apical or 

basal compartments but rather discrete target sites at the cell membrane. 

All cell lines were obtained from the American Type Culture Collection, Rockeville, 

USA. 

 

 

3.2 Methods 

3.2.1 Semiquantitative PCR of mRNA 

3.2.1.1 Isolation of mRNA 
For RNA isolation, cells were grown in 100 mm culture dishes at desired density 

(single cells, cells in islands of 10 to 20 cells each, cell in a just confluent monolayer 

or cells which were already five days confluent). In total, approximately 1 x 107 cells 
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were used. Cells were first washed two times with 5 ml of ice-cold PBS. All further 

steps were performed on ice using the RNeasy mini kit (Quiagen, Hilden, Germany) 

according to the manufacturer’s instructions. Cells were collected in 1 ml PBS, 

centrifuged and the pellet resuspended in 625 µl RLT buffer (used for disruption of 

cell membranes, containing 0.1 M β-mercaptoethanol, 4 M guanidinium thiocyanate, 

25 mM sodium citrate, and 0.5 % w / v sodium lauryl sarcosinate). The sample was 

homogenized with a syringe and 21-gauge needle. Cell debris was removed by 

centrifugation at 13,000 rpm for 3 minutes and an equal amount of 70% ethanol was 

added to improve RNA-binding to the RNeasy silica-gel membrane. The sample was 

now loaded on the column, and shortly (~ 15 seconds) centrifuged at 10,000 rpm 

whereby the RNA binds to the membrane. Contaminants were washed away by a 

consecutive short centrifugation at 10,000 rpm with 700 µl RW1 buffer and 500 µl 

RPE buffer (washing buffers). Finally, rest of ethanol was removed by application of 

500 µl RPE buffer and a subsequent centrifugation at 10,000 rpm for 2 minutes. After 

decanting the flow-through the membrane was dried for one additional minute at full 

speed. Membrane bound RNA was finally eluted with 30 µl RNAse free water by 

centrifugation at 13,000 rpm for one minute. 

The RNA concentration was determined based on the measurement of RNA 

absorbance at 260 nm in a spectrometer according to following formula:  

[RNA] = (A260nm) x (0.04 µg / µl) x D,  

where A260nm is the measured absorbance and D is the dilution factor (which was 

usually 1 : 200). 

 

3.2.1.2 Reverse transcriptase PCR 
CDNA was synthesized using the First Strand cDNA Synthesis Kit (MBI Fermentas, 

St.Leon-Rot, Germany) as follows: 1 µl of isolated RNA (cp. 3.2.1.1) was used as 

template and was preincubated with 1 µl of random hexamer primer (0.2 µg / µl) in 10 

µl DEPC-treated water for five minutes at 70°C. Subsequently, the tube was chilled 

on ice, resulting in binding of the randomly designed primer at various positions of 

the mRNA strands. Now, components for PCR were added: 4 µl of 5 fold reaction 

buffer, 1 µl ribonuclease inhibitor to prevent degradation of ribonucleotide acids, and 
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2 µl of 10 mM dNTP mix. The mixture was incubated for 10 minutes at room 

temperature and subsequently one hour at 37°C before terminating the reaction at 

70°C for 10 minutes. Success of cDNA synthesis was evaluated by PCR with primers 

amplifying actin as a house keeping gene. 

 

3.2.1.3 Competitive PCR 
Semiquantitative PCR was performed on a Biometra Personal Cycler using following 

cycling protocol: Initially 95°C for 10 min, then 30 repeating cycles with 95°C for 30 

seconds, 60°C for 30 seconds, and 72°C for 60 seconds. Finally, the last extension 

step was performed at 72°C for 10 min. For 50 µl PCR reaction, 1 U Taq DNA 

polymerase (MBI Fermentas) was used and 0.25 mM dNTP, 1.5 mM MgCl2, and 20 

pmol primers were added. For PLKC, the sense primer 5’-CAGCGGGCTCAGCC 

TCCGTTC-3’ and the anti-sense primer 5’-CTGTCCAGGGGCCCCAGGTTTCTG-3’ 

were used, resulting in a PCR fragment of 741 bp. In order to control the amount of 

total mRNA, a 434 bp fragment of β-actin was duplicated with following primers: 

sense β-actin 5’-GCATCGTGATGGACTCCG-3’, and antisense β-actin 5’-

GCTGGAAGGTGG ACAGCGA-3’,  

10 µl of the PCR product were loaded on a 1.5 % agarose gel stained with ethidium 

bromide and the DNA was electrophoretically separated. Finally, the intensity of 

luminescence of the bands was measured by a chargedcoupled device (CCD) 

camera (BioRad, CA, USA) and quantified using the Quantity One® 4.5.2 software 

from BioRad. 

 

3.2.2 Construction of cDNA Clones 

3.2.2.1  Amplification of cDNA fragment 
First the cDNA coding for PLKC was amplified using the proof-reading Isis-DNA 

polymerase (QBiogene, Heidelberg, Germany) at 2 U per 50 µl PCR reaction in the 

presence of 0.25 mM dNTP, 1.5 mM MgCl2, and 20 pmol of following primers: 

PLKC forward:  5’ – G AAT TCG ATG GCC CAG CTA TGG CTG TC– 3’, containing 

an EcoRI-cutting site (bold; underlined: start codon of the open reading frame). 
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PLKC reverse: 5’ – CCG CGG TGA CAG GTC CGT GGT – 3’, with a SacII-cutting 

site (bold; underlined: TGA instead of TAA deletes the stop codon of the open 

reading frame for fusion with yellow fluorescence protein).  

The PCR was performed on a Biometra Personal Cycler using following protocol: 

Initially 95°C for 10 min, then 30 repeated cycles: 95°C for 30 seconds, 60°C for 30 

seconds and 72°C for 8 minutes. Finally, the last extension step was 72°C for 10 min. 

The PCR product was separated on a 0.7 % ethidium bromide stained agarose gel. 

The band corresponding to the open reading frame of PLKC (approximately 3.9 kbp) 

was cut out from the gel and isolated using freeze-squeeze protocol. Therefore the 

excised agarose block was frozen in liquid nitrogen for 30 seconds and then slowly 

thawed under pressure between two sheets of parafilm. Leaking fluid was collected 

in a microfuge tube and the DNA was precipitated with the double volume of 95 % 

ethanol after addition of 10 % 3 M NaOAc. After centrifugation at 13,000 rpm for 20 

minutes the pellet was dried and resuspended in 20 µl TE-buffer.  

 

3.2.2.2  Subcloning of the PLKC-PCR-fragment in Topo TA 2.1 vector 
For embedding the open reading frame of PLKC in a vector plasmid, poly-adenosine 

overhangs were added to the PCR product by incubation with Taq DNA polymerase 

in the presence of 1.5 mM MgCl2 and 0.25 mM dNTP for one hour at 72°C. 

Facilitated by these attached overhanging adenosines, the PCR-fragment was 

ligated into the Topo TA 2.1 cloning vector (Invitrogen). 4.6 µl of poly-adenosinylated 

PCR-product was incubated with 1 µl salt solution (1.2 M NaCl, 0.06 M MgCl2) and 

0.4 µl of Topo TA 2.1 reactive vector plasmid for 5 minutes at room temperature.  

 

3.2.2.3 Transformation of E.coli 
The generated plasmids Topo TA-PLKC were transformed in E.coli using a modified 

technique according to Hanahan (1983). 6 µl of ligation reaction was mixed on ice 

with 80 µl of host bacteria XL10-Gold® ultracompetent cells (Stratagene, CA/USA). 

The tube was placed on ice for 30 minutes with finger snipping from time to time. 

Subsequently bacteria were heat-shocked for 90 seconds at 42°C and returned on 

ice for 5 minutes before gently shaking at 37° for 1 hour in 1 ml S.O.C. medium (2 % 
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tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, 20 mM glucose). The cells were spun down at 5,000 rpm for 1 minute, the 

supernatant was decanted and the bacteria were plated for over night incubation on 

prewarmed selective LB-plates (autoclaving 1% tryptone, 0.5 % yeast extract, 10 mM 

NaCl, 1.5 % agar-agar and addition 50 µg / ml kanamycin). 

 

3.2.2.4 Isolation of plasmid DNA from E.coli 
12 to 16 hours after plating the transformed bacteria, colonies were picked up with a 

sterile pipet tip and incubated for 8 hours in 2 ml LB medium (1% tryptone, 0.5 % 

yeast extract, 10 mM NaCl) supplemented with 50 µg / ml kanamycin. For extraction 

of the plasmids, 1.5 ml of bacteria suspension was transferred into a microfuge tube 

and cells were sedimented by centrifugation at 5,000 rpm for 1 minute at room 

temperature. The pellet was resuspended in 100 µl solution 1 (50 mM Glucose, 50 

mM EDTA, 25 mM Tris-HCl, pH 8.0) which causes destabilization of the bacteria cell 

membrane by removal of calcium ions. After 10 minutes at room temperature, 200 µl 

solution 2 (0.2 M NaOH: denaturing of DNA strcutures, 1% SDS: denaturing of 

membranes and proteins) was added, mixed and again 10 minutes incubation at 

room temperature. Subsequently 150 µl of solution 3 (3 M KOAc) was added, in 

order to neutralize the alkaline milieu and therefore restore DNA strands. The 

chromosomal DNS clumps together in this process and is precipitated as potassic 

salt together with the membranes, whereas plasmid DNA is still dissolved in the 

supernatant). The tube was placed on ice for 20 minutes and then centrifuged at 

13,000 rpm for 15 minutes. The supernatant was transferred in a new microfuge tube 

and 2 volumes (~ 900 µl) 96 % ethanol was added. Caused by its changed solubility 

in ethanol the plasmids precipitate and are pelleted by centrifugation at 13,000 rpm 

for 15 minutes. The supernatant was decanted and after drying the pellets were 

resuspended in 30 µl TE-buffer (10 mM Tris-HCl, 1 mM EDTA). 

 

3.2.2.5 Identification of positive clones by fragment restriction analysis 
To screen the bacteria colonies for positive clones isolated plasmids were digested 

with the endonuclease BamHI: 0.5 µl (equivalent with 2 U) enzyme were applied to 5 



MATERIALS AND METHODS 

 

 47

µl plasmid DNA, 12.5 µl water and 2 µl of ten-fold BamHI specific buffer (10 mM Tris-

HCl, 5 mM MgCl2, 100 mM KCl, 0.02 % Triton X-100, 1 mM 2-mercaptoethanol, 0.1 

mg / ml BSA, pH 8.0). After incubation for 1 hour, fragments were separated on 1 % 

ethidium bromide stained agarose gel. The restriction fragment pattern specific for 

Topo TA-PLKC (7878 bp in total) digested with BamHI contains following bands:  

- 5707 bp  

- 1060 bp 

- 583 bp 

- 528 bp 

 

3.2.2.6 Large scale DNA preparation 
In order to obtain a greater amount of plasmid for in vitro studies, 20 µl of bacteria 

suspension was inoculated in 200 ml LB medium containing 50 µg / ml kanamycin 

and subsequently shaken over night at 37°C. The bacteria were recovered by 

centrifugation using a Sorval GSA rotor. Solution 1 (6 ml), 2 (12 ml) and 3 (9 ml) were 

applied as described above. After 20 minutes on ice, the reaction was centrifuged at 

12,000 rpm and 4°C for 20 minutes. The supernatant was filtered into two fresh tubes 

which were placed for 15 minutes on ice after 15 ml ice-cold isopropanol was added 

to each. The plasmids precipitated by the alcohol were pelleted during centrifugation 

at 13,000 rpm for 20 minutes at 4°C. After washing with 70 % ethanol, the pellet was 

dried and resuspended in 400 µl TE-buffer and 50 µl RNase A. The mixture was 

incubated at 37°C for 1 hour. Finally, a purification of the obtained plasmids was 

carried out using phenol-chloroform extraction. 450 µl Phenol-Chloroform (1:1) were 

added to the plasmids in TE-buffer and the tube inverted several times. By 

centrifugation at 13,000 rpm for 6 minutes, two layers were found: the upper aqueous 

phase containing the plasmids was transferred into a new microfuge tube without 

carrying over contaminating proteins from the interphase. The lower phase consisted 

of Phenol. To the first one an equal volume of chloroform / TE (8 : 2) was given, then 

the mixture was thoroughly shaked and centrifuged as done before. This step was 

repeated twice and the plasmids were finally precipitated with 0.7 volume of ice-cold 

isopropanol after addition of 10 % 3 M NaOAc by centrifugation at 13,000 rpm and 



MATERIALS AND METHODS 

 

 48

4°C for 15 minutes. The pellet was dried, resuspended in 500 µl TE-buffer and stored 

at 4°C.   

Plasmids were checked by fragment restriction analysis as described above. 

 

3.2.2.7  Cloning of PLKC into the eukaryotic expression vector pEYFP-N1 
The cDNA fragment encoding PLKC was cutted out from Topo TA-PLKC plasmid, 

with SacII and EcoRI (both obtained from MBI Fermentas). Therefore, 6 µg of DNA in 

60 µl nuclease-free water were incubated for 2 hours at 37°C with 5 U SacII in 1 mM 

Tris-HCl, 1 mM MgCl2 0.01 mg / ml BSA, pH 7.5.  The enzyme was inactivated at 

65°C for 10 minutes and the solution was adjusted at 10 mM KCl, pH 8.5 before 

incubation with 5 U EcoRI at 37°C. After 2 h, the enzyme activity was diminished 

again and 5 U PvuI were added for another 2 hours. The latter was used to hash the 

Topo TA fragment, as both fragments (the PLKC and the Topo TA fragment) are 

approximately of the same size and therefore they are undistinguishable on an 

agarose gel. After digestion with PvuI, the Topo TA fragment is split into three 

fragments (1666 bp, 2042 bp and 214 bp, respectively), whereas the cDNA fragment 

encoding PLKC is still 3943 bp long.  

The isolation of the correct fragment was performed by freeze-squeeze technique as 

described above. The pEYFP-N1 vector plasmid was opened (SacII and EcoRI) and 

isolated in the same way.  

UV-light absorbance was measured with a photo spectrometer and DNA 

concentration was calculated:  

[DNA] = (A260nm) x (0.05 µg / µl) x D  

(A260nm = measured absorbance; D = dilution factor).  

For the ligation of the PLKC open reading frame into the opened pEYFP-N1 vector, 

100 ng total DNA was used. Five different trials including one control were set up 

with a ratio of vector to insert (in mol) of 1 : 2 (tube 1), 1 : 3 (tube 2), 1 : 4 (tube 3), 1 : 

5 (tube  4 ), and 1 : 0 (control). 2 µl of ten-fold ligation buffer (500 mM Tris-HCl, 0.1 

mM MgCl2, 10 mM ATP, 0.25 mg / ml BSA), 1 µl (equivalent to 1 U) T4 DNA Ligase 

(MBI Fermentas), added to 20 µl with nuclease-free water.  
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The reaction mix was incubated for 2 hours at room temperature, following 

transformation and screening of the clones (cp. 3.2.2.3-4). The resulting expression 

vector pEYFP-PLKC containing enhanced yellow fluorescing protein (YFP) fused in 

frame to the 3’ end of PLKC was identified by restriction with BamHI, yielding 

following fragments (size of undigested pEYFP-PLKC: 8654 bp): 

- 5242 bp 

- 1824 bp 

- 1060 bp 

-   528 bp  

The correct cloning was furthermore checked by sequencing (MWG, Ebersberg, 

Germany). 

3.2.2.8 Cloning of PLKC into pcDNA 3.1 myc-his vector 
From the pEYFP-PLKC plasmid, the DNA fragment encoding PLKC was subcloned 

into pcDNA 3.1 myc-his Version B vector with SacII and EcoRI as described above 

(cp. 3.2.2.7). In the resulting construct, the c-myc epitope, which is well-characterized 

and highly immunoreactive is fused in frame to the 3’ end of PLKC.  

Correct constructs were detected by restriction with BamHI and verified by 

sequencing (MWG, Ebersberg, Germany).  

DNA bands on a 0.7 % ethidium bromide-stained agarose gel corresponding to 

fragments of pcDNA 3.1 myc-his-PLKC wich was digested with BamHI (total size 

8970 bp): 

- 6820 bp 

- 1060 bp 

- 562 bp 

- 528 bp 

 

3.2.2.9  Construction of domain deletion mutants 
The deletion of single extracellular cadherin motifs, the transmembrane domain, the 

C-terminal PDZ-binding domain or the cytosolic tail was performed by 

oligonucleotide-directed mutagenese using loop out PCR. Here, the first part of the 

designed oligonucleotide primer binds to 15 - 20 base pairs upstream of the targeted 
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domain, whereas the rear part attaches to a sequence downstream of the target. By 

replication with the polymerase, the targeted region is “lopped out” and the new 

synthesized DNA strand lacks the distinct sequence. 

For deletion of the single cadherin repeats, the transmembrane domain and the 

cytosolic tail, the sequence encoding the domain was replaced by a spacer coding 

for six glycines in order to avoid interference with the secondary protein structure. 

For the PCR, 4 U of proof-reading Isis-DNA polymerase (QBiogene, Heidelberg, 

Germany) with buffers and dNTP as described above (cp. 3.2.2.1) were set up with 

primers, listed below, at 5 pmol. Following cycling protocol was applied: 95°C for 10 

min, then 20 cycles at 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 24 

minutes. Finally, the last extension step was 72°C for 20 min. Subsequently, the 

reaction mix was incubated for 1 hour at 37°C with DpnI, an endonuclease which is 

capable to digest DNA at the palindromic site “GATC” only if it is methylated. That 

means that plasmids which have been synthesized by bacteria and therefore bear 

methylated adenine residues are destroyed, whereas plasmids newly synthesized by 

PCR are still intact. The remaining plasmids were transformed and colonies isolated 

as described above.  

Screening the singles clones of the cadherin-motif-deletion constructs were 

performed by restriction fragmentation with enzymes affected by the deletion of the 

distinct repeat (listed in 4.4.1). 

Primers for site-directed mutagenesis deleting discrete cadherin motifs (bold: glycine 

spacer).  

 
PLKC∆1 forward 
5’ (base 74)           (base 339) 3’ 
G TTC CTA GCC AAC ATG ACG GGA GGA GGA GGA GGA GGA GGA AGG GAG ATG CTG G TG ATT G 
 
PLKC∆1 reverse 
5’ (base 339)                  (base 74)  3’ 
C AAT CAC CAG CAT CTC CCT TCC TCC TCC TCC TCC TCC TCC CGT CAT GTT GGC TAG GAA C 
 
 

PLKC∆2 forward 
5’ (base 366)                      (base 699)  3’ 
GTT TTC CAG AAC ACC GCT TTC GGA GGA GGA GGA GGA GGA GGA  CTG TCC ATC TCC GTG GTG GAC C 
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PLKC∆2 reverse 
5’ (base 699)                  (base 366)  3’ 
G GTC CAC CAC GGA GAT GGA CAG TCC TCC TCC TCC TCC TCC TCC GAA AGC GGT GTT CTG GAA AAC 
 
 
 
 
PLKC∆3 forward 
5’ (base 714)                    (base 1041)  3’ 
CCC CAG TTT GTC AGG GAG TTT GGA GGA GGA GGA GGA GGA GGA  GTG AGA GTG ATG GAC GTC AAT G 
 
PLKC∆3 reverse 
5’  (base 1041)                (base 714) 3’ 
C ATT GAC GTC CAT CAC TCT CAC TCC TCC TCC TCC TCC TCC TCC AAA CTC CCT GAC AAA CTG GGG 
 

 
PLKC∆4 forward 
5’ (base 1431)             (base 1751)  3’ 
CCC ACG TTT CCC CAG AGC TTG GGA GGA GGA GGA GGA GGA GGA  GAC ATC AAC GAC AAT GCA CCC 
 
PLKC∆4 reverse 
5’  (base 1751)          (base 1431) 3’ 
GGG TGC ATT GTC GTT GAT GTC TCC TCC TCC TCC TCC TCC TCC CAA GCT CTG GGG AAA CGT GGG 
 

 
PLKC∆5 forward 
5’ (base 1746)             (base 2078)  3’ 
GCA CCC GTG GTT AGC GGC TCC GGA GGA GGA GGA GGA GGA GGA  GAC ATC AAT GAT AAC CTG CCC 
 
PLKC∆5 reverse 
5’  (base 2078)          (base 1746) 3’ 
GGG CAG GTT ATC ATT GAT GTC TCC TCC TCC TCC TCC TCC TCC GGA GCC GCT AAC CAC GGG TGC 
 

 
PLKC∆6 forward 
5’ (base 2076)                (base 2412)  3’ 
CCC ATC TTC AAT CAG TCC AGC GGA GGA GGA GGA GGA GGA GGA GTG AAA GAC GTG AAC GAC AAT C 
 
PLKC∆6 reverse 
5’  (base 2412)            (base 2076) 3’ 
G ATT GTC GTT CAC GTC TTT CAC TCC TCC TCC TCC TCC TCC TCC GCT GGA CTG ATT GAA GAT GGG 
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PLKC∆7 forward 
5’ (base 2777)            (base 3148)  3’ 
C TAT TTT CTG CCT GAG AAT AAG GGA GGA GGA GGA GGA GGA GGA GAC CAG AGT TAC CGC TCG CG 
 
PLKC∆7 reverse 
5’  (base 3148)          (base 2777) 3’ 
CG CGA GCG GTA ACT CTG GTC TCC TCC TCC TCC TCC TCC TCC CTT ATT CTC AGG CAG AAA ATA G 
 

 

For verification of the correct deletion of the transmembrane domain, forward and 

reverse primers contained an artificial silent mutation (AAG  AAA, underlined), 

leading to a deletion of a HindIII-cutting site but no alteration in the amino acid 

sequence. 

  
PLKC∆TM forward 
5’ (base 3432)              (base 3555)  3’ 
GAGTCA GAC CTGTCG AAA CAGGGAGGAGGAGGAGGAGGAGGAGTG CGG AAG AGC TAC AAC CGG AAA CTT C 
 
PLKC∆TM reverse 
5’  (base 3555)                      (base 3432) 3’ 
G AAG TTT CCG GTT GTA GCT CTT CCG CAC TCC TCC TCC TCC TCC TCC TCC CTG TTT CGA CAG GTC TGA CTC 
 

The oligonucleotides designed for deletion of the PDZ-binding motif contain a 

deletion of a cutting site for BamHI (CGG  CGA, underlined). The PDZ-recognition 

sequence consisting of four amino acids was replaced by base triplets encoding four 

glycines (bold). 

 
PLKC∆PDZ forward 
5’ (base 3896)        (base 3951)  3’ 
C TAC ACC AAC GCT GGC CTG GAC  GGA GGA GGA GGA  TCA CCG CGG GCC CGA GAT CCA C 
 
PLKC∆PDZ reverse 
5’  (base 3951)               (base 3896) 3’ 
G TGG ATC TCG GGC CCG CGG TGA TCC TCC TCC TCC  GTC CAG GCC AGC GTT GGT GTA G 
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By replacement of the DNA fragment coding for the cytosolic tail of PLKC, a HindIII 

cutting site is deleted which served the screening for positive clones (bold = glycines 

spacer). 

 

 
PLKC∆Cyt forward 
5’ (base 3509)                 (base 3986)  3’ 
G ACC ATG GCC TTC GTG TGT GGA GGA GGA GGA GGA GGA GGA  ATG GTG AGC AAG GGC GAG GAG CTG 
 
PLKC∆Cyt reverse 
5’  (base 3986)                         (base 3509) 3’ 
CAG CTC CTC GCC CTT GCT CAC CAT TCC TCC TCC TCC TCC TCC TCC ACA CAC GAA GGC CAT GGT C 
 

 

Finally, in order to generate an untagged version of PLKC, the original stop-

codon in the pEYFP-PLKC construct was re-introduced by mutagenese-PCR 

with following primers (bold = introduced stop codon, underlined deletion of a 

SacII cutting side for the identification of positive clones): 
 

PLKC∆YFP forward 
5’ (base 3495)                (base 3538)  3’ 
GC CTG GAC ACC ACG GAC CTG TGA CCA CGG GCC CGG GAT CCA CC 
 
PLKC∆YFP reverse 
5’  (base 3538)                (base 3495) 3’ 
GG TGG ATC CCG GGC CCG TGG TCA CAG GTC CGT GGT GTC CAG GC 
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3.2.3 Cell culture 

3.2.3.1  Media 
For the discrete cell lines, following culture media were used:  

- MDCK-II, COS-1 cells : DMEM with 1 g glucose / l 

- Huh7, HT29 cells : DMEM with 4.5 g glucose / l 

- CHO cells : RPMI with 5% fetal calf serum 

- CHO/Lec cells : MEM alpha modification 

If not indicated otherwise, medium was supplemented with 10% fetal calf serum 

(FCS), 500,000 U / l penicillin, 10 mg / l streptomycin, 292 mg / l L-glutamine and 110 

mg / l sodium-pyruvate. 

 

3.2.3.2 Cell culture procedures 
The cell were maintained in coated culture dishes at different sizes (100 mm, 60 mm, 

30 mm etc) at 37°C, 95 % relative humidity in an 5 % carbon dioxide atmosphere. 

Cells were passaged at 90 - 100 % optical density. Therefore, the cells were washed 

with PBS and carefully trypsinized with 2 ml trypsin for 15 minutes (in case of HT 29 

and Huh7 cells a longer time period was necessary). Subsequently, trypsin activity 

was stopped with culture medium, and the cells were collected in suspension. After 

centrifugation and decanting of the supernatant fresh culture medium was added and 

the cells were spread in new culture dishes at the desired density (mostly 5 x 103 

cells / cm²) which was calculated by counting suspended cells in a Thoma chamber. 

The culture medium was replaced every day or every two days, depending on cell 

type and density. 

Long time storage of mammalian cells was performed in liquid nitrogen at -196°C. 

Thereby, cells were trypsinized and collected as described above. Instead of fresh 

culture medium, fetal calf serum, supplemented with 10 % dimethyle sulfoxide 

(DMSO) was used to freeze the cells in kryoconservation tubes first at -80°C. On the 

next day, tubes were transferred into liquid nitrogen. 
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After thawing of cell aliquots, the DMSO-containing serum was immediately removed 

and replaced by fresh culture medium in order to prevent the cells from the toxic 

effects of DMSO. 

 

3.2.3.3 Transient transfection 
COS-1 cells were transfected using the diethyle-amino-ethyle (DEAE)-dextrane 

method (modified according to Naim et al., 1991). This technique is based on the 

negative polarity of plasmid DNA, which forms stable complexes with positive 

charged DEAE-dextrane molecules. Incubated with eukaryotic cells, these 

complexes attach to the negative charged cell surface and are occasionally 

phagocytosed. Therefore, cells were split the day before on 100 mm dishes 

transfection in order to achieve a cell density of 30 – 40 %.  

For formation of stable dextrane-DNA complexes, 5 µg plasmid DNA was dissolved 

in 1.5 ml culture medium which did not contain FCS. After 5 minutes, 10 µl of stock 

solution DEAE-dextrane (50 mg / ml H2O) were added to obtain a final concentration 

of 0.5 mg DEAE-dextrane / ml culture medium. The solution was mixed thoroughly 

and incubated for approximately 30 minutes in order to form stable DNA-dextrane 

complexes. The cells were washed with PBS and the DNA-dextrane mix was 

dispersed onto the cells. Within the next 90 minutes, tissue plates were shaked every 

15 minutes to assure proper covering of all cells. During this period, plasmid DNA is 

incorporated by the cells. 

Afterwards, the transfection mix was discarded and the cells were washed twice with 

PBS. In order to enhance the transfection rate, the cultures were subsequent 

incubated with cloroquine at 50 µg / ml final concentration. This reagent prevents the 

degradation of DNA by blocking the fusion of plasmid containing phagosomes with 

the lysosomes. For confocal analysis, the enhancer was removed after 1 hour, for 

biochemical experiments after 4 hours. Cells were finally washed and culture medium 

was changed the day after transfection again. Mostly, cells were processed 48 after 

transfection, because then protein expression reaches maximal levels. 

MDCK-II, CHO, HT29 and Huh7 cells were transfected with LipofectamineTM 2000.  
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Similar to the described transfection with DEAE-dextran, the positive charged 

cationic lipid reagents forms complexes with plasmid DNA. According to the 

manufacturer’s protocol, for 60 mm dishes 10 µl transfection reagent and 4 µg of 

plasmid DNA dissolved in 1 ml culture medium without FCS and without antibiotics 

were used. After 20 minutes incubation, cells were washed with PBS and the 

transfection mix was added to the cells for 6 – 8 hours. Due to the lipohilic character 

of the reagent, the plasmid-cation complexes merge in the plasma membrane and 

finally the plasmid DNA is incorporated into the cytoplasma. 

 

3.2.3.4 Establishment of stable cell lines 
For establishment of stable cell lines, CHO and MDCK-II cells were were transfected 

with LipofectamineTM 2000 as described above. 

The day after transfection, cells were trypsinized, carefully singularized and split 1 : 

30 onto new plates.  After one more day the culture medium was changed and 500 

µg / ml Geneticin®. Every four days, medium was replaced and fresh antibiotic was 

applied. Thereby, only cells which have stably incorporated the plasmid into their 

genome, coding for a Geneticin®-resistance, are able to inactivate the antibiotic and 

survive. Two weeks after transfection positive clones were identified by confocal 

laser microscopy and selected for culturing. From each construct, at least three 

monoclonal cultures were established and the transfection rate and correct 

intracellular protein processing was estimated by confocal laser microscopy and 

western blot. An overview of constructed stable cell lines is given in Table 2. 

 

Identification Cell line Transfected construct 

 

Transfection 
efficiency 

MDCK-PLKC-YFP MDCK-II pEYFP-PLKC ~ 99 % 

MDCK-PLKC∆PDZ-YFP MDCK-II pEYFP-PLKC∆PDZ ~ 99 % 

MDCK-PLKC∆Cyt-YFP MDCK-II pEYFP-PLKC∆Cyt > 80 % 

MDCK-PLKC∆TM-YFP MDCK-II pEYFP-PLKC∆TM > 60 % 

MDCK-PLKC∆6-YFP MDCK-II pEYFP-PLKC∆6 > 90 % 

MDCK-PLKC-myc MDCK-II pEYFP-PLKC ~ 40% 
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CHO-PLKC-YFP CHO pEYFP-PLKC > 95 % 

CHO-PLKC∆Cyt-YFP CHO pEYFP-PLKC∆Cyt ~ 40% 

CHO-PLKC∆6-YFP CHO pEYFP-PLKC∆6 ~ 99 % 

CHO-E-cadherin-GFP CHO pEGFP-E-cadherin ~ 99% 

CHO-N-cadherin-GFP CHO pEGFP-N-cadherin ~ 99% 

CHO/Lec1-PLKC-YFP CHO/Lec1 pEYFP-PLKC 100 % 

CHO/Lec2-PLKC-YFP CHO/Lec2 pEYFP-PLKC 100 % 

CHO/Lec8-PLKC-YFP CHO/Lec8 pEYFP-PLKC 100 % 
 

Table 2 Stably tranfected cell lines 

 
 

3.2.4 Isolation and detection of proteins  

3.2.4.1 Immunoprecipitation 
Transiently transfected cells were processed 48 hours after transfection, cells stably 

expressing the target protein according to the desired density, mostly five days after 

cells had reached optical confluence.  

The cells were washed twice with 5 ml PBS and incubated for two hours in 

methionine-free MEM in order to deplete the intracellular methionine pool. 

Subsequently, cells were washed again with PBS and 3.5 ml methionine free MEM 

was added, containing 80 µCi of [35S] methionine. During this incubation period, new 

proteins were synthesized incorporating the radioactive labeled methionine (termed 

“pulse”). In pulse-chase experiments, the labelling medium was discharged after a 

certain time period and after rinsing the cells thoroughly, standard culture medium 

containing non radioactive methionine was added. Thereby, freshly synthesized 

proteins after changing medium are non radioactive and the pool of labeled proteins 

is processed during distinct time intervals, “chased” by the non radioactive proteins. 

For lysis, the cells were rinsed twice with ice-cold PBS and solubilized with 1 ml of 

standard lysis buffer containing 25 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.5 % 

sodium-desoxycholate, and 0.5 % Triton X-100, supplemented with 1 mM 

phenylmethylsulfonyl fluoride, 1 µg / ml pepstatin, 5 µg / ml leupeptin, 5 µg / ml 

aprotinin, 1 µg / ml antipain, and 50 µg / ml trypsin inhibitor. Thereby, the cells were 
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collected with a rubber policeman, transferred into a microfuge cup and gently 

rocked for 30 minutes at 4 °C.  

The cell debris, including nucleus and unsolubilized membranes, was removed by 

centrifugation at 13,000 rpm at 4°C for 15 minutes. Subsequently, the supernatant, 

containing the solubilized proteins was subjected to 1 hour of “preclearing” with 30 µl 

of protein A-sepharose (PAS) beads. Proteins which are bound unspecific by PAS 

were then separated by short centrifugation (5,000 rpm, 4°C, 60 seconds) and the 

supernatant was further processed by immunoprecipitation: 

The antibody specific for the desired protein was added for 30 minutes. In this study, 

mAb anti-GFP (0.2 µg / ml final concentration) and mAb anti myc (0.3 µg / ml final 

concentration) were used. In order to bind protein-antibody complexes, 50 µl PAS 

was applied and incubated for 2 hours.  

The beads containing protein-antibody complexes linked to PAS were washed two 

times with washing buffer 1 (0.5 % Triton X-100 and 0,05 % sodium-desoxycholate 

in PBS) and two times with washing buffer 2 (500 mM NaCl, 10 mM EDTA, 0.5 % 

Triton  X-100 in 125 mM Tris-HCl, pH 8.0) to remove unspecific bound proteins. 

The samples were then eluted from the beads by boiling for 10 minutes in sample 

loading buffer (30 % glycerine, 150 mM Tris-HCL pH 6.8, 0.02 % bromphenole blue) 

containing 6 % SDS which denatures proteins and 1 % dithiothreitol (DTT), capable 

to cleave disulfide-bondages.  

Finally proteins were separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) on discontinous polyacrylamide gels, consisting of 

stack gel and seperating gel as decribed by Laemmli (1970).  

The composition of the slab gels varied according to protein size. For PLKC-YFP, 5 

% separating gels were used as listed in Table 3. 
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stack gel 
 

seperating gel 

H2O (ml) 15.6 17.5 

acrylamide (ml) 3.9 5.2 

1.5 M Tris-HCl, pH 8.8 (ml) - 7.7 

1 M Tris-HCl, pH 6.8 (ml) 2.9 - 

10% SDS (µl) 230 310 

TEMED (µl) 23 23 

10% APS (µl) 230 310 

 

Table 3 Composition of stack- and seperating gel for SDS-PAGE of PLKC-YFP 

 

 

The gels were run over night in a Protean®II Xi Cell-System from BioRad at constant 

7 mA per gel in electrophoresis running buffer (3.082 g Tris-HCl / l, 14.4 g / l glycine, 

1 g / l SDS). For an estimation of protein size, a molecular mass standard marker 

(Sigma) was used (cp. 

Table 4). 

 

protein 

 

Approximate molecular 
weight (in Dalton) 

myosin, rabbit muscle 205,000 

β.galactosidase, E.coli 116,000 

phosphorylase b, rabbit, muscle 97,400 

albumin, bovine 66,000 

albumin, egg 45,000 

carbonic anhydrase, bovine erythrozytes 29,000 
 

Table 4 Molecular mass standard 

 
Subsequently gels were stained with 25 % isopropanol, 10 % acetic acid and 0.1 % 

coomassie brilliant blue in H2O for 30 minutes and fixed with 25 % isopropanol and 

10 % acetic acid in H2O until marker bands appeared. Finally gels were vacuum- 

dried and exposed on a phosphorimaging screen (Fuji, Düsseldorf, Germany). After 
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two days, the scrren was scanned by phosphorimaging device (Bio-Rad Molecular 

imager®FX) and analyzed using software Quantity One® (Bio-Rad). 

3.2.4.1.1 Cell surface trypsin digestion 
Cells were continuously labelled [35S] methionine for 6 hours as described above 

(cp. 3.2.4.1) and washed twice with ice cold PBS. During the following incubation 

with trypsin in PBS on ice for 45 minutes, protein wich is expressed on the cell 

surface can be cleaved by the enzyme, resulting in smaller fragments. In order to 

stop trypsin activity, 200 µg of soybean trypsin inhibitor was added after this time 

and cells were processed for immunoprecipitation as described. 

For PLKC, trypsin concentration of 100, 250, 500 and 1000 µg / ml PBS were tested.  

 

3.2.4.2 Western blot 
In order to detect total amounts of proteins without metabolically labelling, a western 

blot was performed. Therefore, cells were lysed as described above (cp. 3.2.4.1) but 

instead of immunoprecipitation, a small amount of the supernatant containing all 

solubilized proteins was separated on small SDS-Gels. 

Subsequently, proteins were transferred (“blotted”) onto a polyvinylidene difluoride 

(PVDF) membrane (Hybond P® obtained from Amersham) using a tank blot system 

(BioRad). The membrane was shortly (2 - 3 seconds) wetted in 100 % methanol 

before equilibrating in 10 % Transfer buffer (25 mM Tris base, 192 mM Glycine, 10 % 

methanol) for 10 minutes. The tank was prepared as described in Figure 6 

 

                             

Figure 6 Preparation of tank apparatus for blotting SDS-Gel on a PVDF-membrane 
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The blotting was performed at constant 240 mA for 90 minutes and the membrane 

was washed gently in transfer buffer afterwards. In order to eliminate unspecific 

protein bindings of the antibody the membrane was shaken in blocking buffer (10 % 

fat free milk powder in PBS) for 1 hour at room temperature. 

Subsequently, the membrane was incubated with the first antibody (mAb anti GFP or 

mAb anti E-cadherin in 2% milk in PBS, dilution 1 : 1000) for one hour. Within this 

time, the antibody binds to targeted proteins on the membrane. After three washing 

steps with 0.05 % Tween-20 in PBS for 10minutes, the secondary antibody was 

applied for one hour. For mAb anti-GFP, a goat anti-rabbit antibody and for detection 

of E-cadherin a goat anti-mouse antibody was used, both linked to horseradish 

peroxidase. Finally, the membrane was washed again thoroughly four times with 

Tween-PBS. 

For detection of separated proteins the membrane was treated with SuperSignal® 

ELISA Femto Maximum Sensitivity Substrate from PIERCE according to the 

manufacturer’s instructions. Thereby, the horseradish peroxidase, linked to the 

secondary antibody and thus connected with targeted proteins on the membrane, 

catalyzes the oxidation of the substrate causing emission of chemiluminescence. 

This signal was visualized by a X-ray film purchased from Kodak, which was placed 

on the membrane for different time periods. 
 

3.2.4.2.1 Cell surface biotinylation 
In order to detect proteins expressed on the cell surface, primary amines were 

biotinlyated with (+)-biotin-N-hydroxy-succinimide ester (biotin-NHS). The biotin-NHS 

solution was prepared according to the manufacturer’s description in dry DMSO at 25 

µg / µl and stored at -20°C.  

The cells were washed twice with ice-cold PBS to remove amine-containing culture 

media and Biotin-NHS was added to PBS at a final concentration of 100 µg / ml. After 

30 minutes incubation on ice with occasional shaking the cells were washed twice 

with ice cold PBS and excess biotin-NHS was quenched with 100 mM glycine in PBS 

for 15 minutes on ice. Subsequently, the cells were lysed in standard lysis buffer as 
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described above and PLKC-YFP was immunoprecipitated as described above (cp. 

3.2.4.1). 

The detection of biotinylated protocadherin molecules was performed by western blot 

(cp. 3.2.4.2), using streptavidine conjugated with horseradish peroxidase instead of 

primary and secondary antibodies. 

In most experiments, cells were metabolically labeled and after detection of the 

chemiluminescence signals of biotinylated PLKC, the blot was developed with 

fluorography in order to estimate the total amount of PLKC-YFP protein. 
 

3.2.4.2.2 Chemical cross linking of cell surface proteins 
Closely localized proteins were chemically cross-linked with 3,3´-Dithiobis 

[sulfosuccinimidyl-propionate] (DTSSP), a sulfonated and therefore water soluble 

cross-linker. In contrast, the lacking sulfonation of Dithiobis[succinimidylpropionate] 

(DSP) leaves this reagent uncharged, lipophilic and only soluble in organic solvents 

such as DMSO. Hence it is capable to permeate the lipid bilayer of cell membranes 

and reacts also with proteins localized intracellular.  

Both reagents are homobifunctional N-hydroxysuccimide ester (NHS-ester), 

composed of two functional groups which react with primary amines resulting in 

covalent amide bonds and release of N-hydroxysuccinimide. The two subunits are 

linked by a “spacer arm” of 12 Ǻ, formed by a disulfide bond, which is thiol-cleavable. 

During incubation with proteins on the cell surface or intracellular, each functional 

group reacts with primary amines of the polypeptide chains (i.e. lysine residues) 

connecting two amines together. Here, the length of the spacer arm is limiting: two 

interacting proteins– as receptor and ligand or in dimerization - are supposed to get 

in close contact (< 12 Ǻ). Therefore they can be chemically cross-linked with DTSSP 

or DSP spanning from a lysine residue of the first molecule to one of the other 

polypeptide. Because of the covalent disulfide bond this linkage is resistant to 

detergents and denaturation. It can only be cleaved by thiol-reducing reagents, such 

as DTT (100 mM) or β-mercaptoethanol (5 %). Although DSP is structurally and 

functionally the lipophilic analog of DTSSP only the latter worked on cross-linking 

PLKC. 
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DTSSP was used at a final concentration of 2 mM in PBS after thoroughly washing of 

the cells with PBS. 2 ml reaction mix was incubated for 30 minutes at room 

temperature. Afterwards, the cells were washed again vigorously and excess reagent 

was quenched for 15 minutes with 100 mM Tris-HCl pH 7.4, a buffer which also 

contains primary amines and reacts with extant DTSSP. Subsequently, cells were 

lysed with standard lysis buffer and processed by western blot (cp. 3.2.4.2). 

 

3.2.4.3 Immunofluorescence 
For colocalization studies with ZO-1, occludin, E-cadherin, actin und tubulin, cells 

were grown on coverslips (∅ 12 mm, Carl Roth GmbH) and washed twice with PBS 

fixing in 4 % paraformaldehyde in PBS for 45 minutes at room temperature. To 

quench excess paraformaldehyde (which could disturb antigen-antibody interaction), 

50 mM ammonium-chloride in PBS was applied twice for 10 minutes after washing 

with PBS. Finally, cells were washed again and incubated for 30 minutes in blocking 

buffer, containing 0.5 % saponine (permeabilization of the cell membrane) and 1 % 

bovine serum albumin (BSA, blocking interactions of unspecific proteins with the 

antibodies) in PBS. Afterwards, the first antibody was prepared according to the 

producers instructions (cp. 3.1.3) in 50 µl blocking buffer and incubated with the cells 

for 1 hour. Cells were then washed three times for five minutes with blocking buffer 

and incubated with the secondary antibody (dilution 1 : 1000) as done before. As 

secondary antibody, Alexa Fluor® 568 anti mouse was used for E-cadherin and 

PLKC-myc and Cy3 anti rabbit in case of ZO-1 and occludin. Finally, after three 

washing steps with blocking buffer and two washing steps with PBS, cells were fixed 

on an object slide using Mowiol® as mounting medium.  

Actin was detected using phalloidin conjugated with ALEXA 546 according to the 

same protocol but without application of a secondary antibody. 

 

3.2.4.4 Confocal laser microscopy 
Confocal images of proteins tagged with GFP, YFP or DsRed in living cells were 

acquired 2 days after transfection (in case of transient transfected cells) on a Leica 
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TCS SPII microscope with a 63x water planapochromate lens (Leica Microsystems, 

Bensheim, Germany). For fixed cells after immunofluorescence, a 63x oil 

planapochromate lens was used. Confocal analysis was conducted using Leica 

Confocal Software LeicaLight®. In order to obtain a better contrast YFP constructs 

were visualized in green throughout all experiments. Absorbance and emission 

wavelength of the used fluorochromes are listed in Table 5. 

 

fluorochrom 

 

absorbance 
(in nm) 

 

max. emission 
(in nm) 

laser 

GFP 476 510 argon 

YFP 514 528 argon 

DsRed 543 582 neon 

Alexa 546 554 570 neon 

Alexa 568 576 599 neon 

Cy3 550 570 neon 

 

Table 5 Absorbance and emission spectra of used fluorochromes 

 

 

3.2.5 Isolation of cytoskeleton-associated proteins and inhibition of actin 
polymerization 

For the isolation of proteins which are linked to the actin cytoskeleton, cells were 

grown five days after confluence and subjected to an extraction with Triton X-100 and 

Nonident P 40,  described by Lampugnani et al (Lampugnani et al., 1995). Therefore 

cells were washed three times with ice-cold PBS and incubated with 500 µl / 25 cm² 

of extraction buffer (10 mM Tris-HCl pH 7.4, 100 mM NaCl, 1% Triton X-100, 1 % 

Nonident P40, and proteinase-inhibitors as described above) for 30 minutes on ice 

with occasional shaking. Subsequently, cells were collected and centrifuged at 

13,000 rpm for 30 minutes. The supernatant, containing the Triton X-100 soluble 

protein fraction, was directly subjected to western blot, whereas the pellet, yielding 

proteins which are assumed to be strongly linked to the actin cytoskeleton, was 

boiled with 1 % SDS in 1 ml standard lysis buffer for 10 minutes and centrifuged at 
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13,000 rpm for five minutes to discharge cell debris prior to SDS-PAGE and western 

blot. 

The inhibition of F-actin polymerization was performed using cytochalasin D 

(C30H37NO6), a fungal toxin isolated from zygosporium mansonii, was used 

(Rubtsova et al., 1998). The reagent was dissolved in DMSO at a stock solution of 1 

µg / µl and stored at -20°C.  

For destruction of the actin cytoskeleton, cells were washed twice with PBS and new 

culture medium was added, containing 1 µg / ml final concentration of cytochalasin D. 

Cells were incubated for 6 hours and then processed according to the experiment. 

Checking of correct inhibition was performed by visualizing disrupted F-Actin as 

described below.  

 

 

3.2.6 Extraction of detergent resistant lipid microdomains  
For the isolation of detergent resistant lipid microdomains, a 100 mm dish of 

confluent stable transfected cells was biosynthetically labelled for 6 hours as 

described above (cp. 3.2.4.1). Subsequently the monolayer was solubilized over 

night (~ 12 hours) on ice in 1 ml solubilization buffer (25 mM Tris-HCl, pH 8.0, 50 mM 

NaCl, Proteinase inhibitors as described above), containing 1 % detergent (Brij 96, 

Lubrol, Tween-20 or Triton X-100). Thereby, proteins which are not associated with 

lipid microdomains resistant to the applied detergent are completely solubilized 

whereas polypeptides which are included into domains remain in complexes and can 

be collected by ultracentrifugation.  

In order to remove nuclei and cell debris, the samples were now centrifuged at 1,500 

x g at 2°C. The supernatant, containing the lipid microdomains and dissolved 

proteins, was further processed in an ultra-centrifuge at 100,000 x g at 4°C for 90 

minutes. The supernatant was stored and the yielded pellet was processed in 200 µl 

1 % SDS at 95°C for five minutes, in order to solubilize the precipitated domains. 

After dilution with standard lysis buffer to a final volume of 1 ml, both, the pellet 

fraction and the supernatant were subjected to immunoprecipitation with mAb anti-

GFP and dissolved on SDS-PAGE as already described (cp. 3.2.4.1). 
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3.2.7 Density gradient centrifugation  
Separation of proteins according to their molecular weight was performed by a 

sucrose gradient centrifugation. Therefore cell were lysed in standard lysis buffer and 

centrifuged as described above (cp. 3.2.4.1). Solubilized proteins were loaded on the 

top of a gradient consisting of 10 % to 30 % sucrose (w / v) in gradient buffer (100 

mM NaCl, 50 mM Tris-HCl pH 7.5). The gradient was centrifuged for 18 hours in a 

swing-out rotor at 4°C at 100,000 x g. During this time, proteins migrate according to 

their total molecular mass and settle in the region of the gradient corresponding to 

their density. For control of proper protein distribution, two marker proteins of known 

molecular mass were used: β-amylase (~200 kDa) and apoferritin (~ 450 kDa). 

After centrifugation, the gradient was harvested into 20 fractions, beginning from the 

top. Samples of each fraction were processed by western blot as described (cp. 

3.2.4.2.) 

 

 

3.2.8 Cell aggregation assay 
For estimation of adhesive properties, CHO cells were used, as this cell line does not 

express any cell contact molecules on the cell surface and therefore any aggregation 

activity must be facilitated by exogenous proteins (Breviario et al., 1995).  

CHO cells, stably expressing PLKC, E-cadherin or N-cadherin were carefully 

trypsinized and immediately collected after detaching from the plates. Additionally, 

trypsin activity was stopped with culture medium containing FCS. The cells were 

pelleted shortly and washed twice with HEPES buffered Hanks’ Balanced Salt 

Solution (HHBSS) without Ca2+ and Mg2+ ions. Subsequently, the cells were 

resuspended in HHBSS containing 1 % BSA at a concentration of 5 x 104 / ml and 

singularized with a 21 - gauge needle. 0.5 ml of the cell suspension was seeded in 

24 well plates, which were preliminarily coated with 1 % BSA in HHBSS. Calcium-

chloride (2 mmol / L) was added to the suspension to start calcium-dependent cell 

aggregation which was performed for 90 minutes at 37°C on a rotating shaker (80 

rpm). Within this period, occasionally touching molecules can attach to each other, 

constructing cell-adhesive contacts and thereby forming cell conglomerates. The 
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experiment was finally stopped with 5 % paraformaldehyde and the number of cell 

aggregates (i.e. conglomeration of more than four cells) per well was counted under 

the microscope. 

 
 
 

3.2.9 Two-dimensional polyacrylamide gel electrophoresis 

Prior to processing in 2D PAGE, proteins were immunoprecipitated as described 

before. The PAS-beads containing precipitated proteins were then boiled for five 

minutes with 300 µl of 1 % SDS and the beads were spun down. The supernatant 

containing immunoprecipitated proteins was further processed by addition of 10 mg 

bovine serum albumin and a threefold volume of 96 % ethanol. The samples were 

incubated over night at -20°C and the precipitated proteins were centrifuged. The 

protein pellet was shortly dried and then dissolved in rehydration buffer (7 M urea, 2 

M thiourea 1 % ASB-14, 0.5 % Triton X-100, 40 mM Tris, 30mM DTT) for 2 hours. 

Prior to loading on the first dimension, 0.2 µl of ampholytes (Bio-Lyte® 3 / 10) were 

added to the diluted proteins. The isoelectric focusing was performed on a Ready 

StripTM IPG Strip obtained from BioRad, ranging from pH 3 to pH 10, in a BioRad 

Protean IEF Cell in a series of time blocks with increasing voltage: 2 h 100 V, 1 h 500 

V, 1 h 1000 V, 3 h 4000 V, 3 h 8000 V gradient, 6 h 8000 V. 

Prior to separation of proteins on 12 % SDS PAGE slab gels, the strips were first 

equilibrated for 20 minutes in 50 mM Tris-HCl pH 8.8, 6 M urea, 30 % glycerol, 2 % 

SDS and 10 mg / ml DTT followed by additional 10 minutes equilibration in the same 

solution containing 25 mg / ml iodacetamide instead of DTT. 

For visualization of separated proteins, the gels were stained with silver: first, 

proteins were fixed in the gel by 30 minutes incubation in fixer solution (30 % ethanol, 

10 % aceto acid). Subsequently, gels were prepared with thiosulfate buffer (100 mg 

thiosulfate in 30% ethanol, 25 ml 4 M NaOAc pH 6.0, freshly prepared) for additional 

30 minutes. Then, three thorough washing steps with distilled water for 10 minutes 

each were performed. The definite staining was the achieved by incubation with 0.1% 

silver-nitrate for 30 minutes. Thereby, the silver-nitrate crystals are incorporated into 
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polypeptides and by the final development with 2.5 % sodium bicarbonate, a brown-

black staining becomes visible. 

Annalysis of scanned gels was performed using Adope PhotoshopTM and Quantity 

OneTM software. 
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4 Results 

4.1 PLKC is upregulated during cell development 

The expression of PLKC mRNA during cell differentiation was assayed in three 

different epithelial cell lines representing the different tissues described to express 

detectable amounts of PLKC mRNA (cp. Figure 5). Huh7 cells are derived from a 

human liver carcinoma, whereas MDCK-II cells represent kidney tissue and HT29 

cells used as a model for colon mucosa epithelia. The cells were trypsinized, 

singularized and seeded at low density (1 x 104 cells / cm²). Subsequently cells were 

cultured until when they reached discretes stages of differentiation: first, mRNA was 

isolated from single cells lacking any contact to each other, secondly from cells 

forming little islands of 10 - 12 cells (“first contact state”) after two days, then from a 

closed cell monolayer just after confluence and finally cells grown five days after 

confluence were processed. Levels of PLKC mRNA were assessed using semi-

quantitative PCR whereby mRNA concentration of actin as a house-keeping gene 

was taken as reference. 

In all three cell types a substantial upregulation of mRNA levels after cell-cell contact 

event can be noticed (Figure 7): ∅1.37 fold from stage one to stage two and ∅1.17 

fold from two to three. A further increase of ∅1.08 takes place upon full polarization 

of the confluent epithelial cells five days after confluence.  
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Figure 7 PLKC mRNA expression in epithelial cells during cell differentiation 
MDCK-II, Huh7 and HT29 cells were cultured until they reached different stages of differentiation. 
Single cells were harvested shortly after splitting, when cell had no contacts with neighbouring cells. 
The second sample was gtaken from cells growing in small islands of 10 - 20 cells. Finally, just 
confluent cells and a five-day old monolayer were processed. The mRNA was extracted as described 
in materials and methods and the expression of PLKC-mRNA was estimated by semiquantitative 
PCR. For a correct quantification the β-actin mRNA levels were used. The average of mRNA maxima 
was set as 100 % in case of each cell line. N = 3. 

 
 

4.2 Expression and subcellular distribution in mammalian cells 

4.2.1 Expression in different cell lines 
In order to analyze the intracellular distribution and processing of PLKC, the protein 

encoding cDNA was cloned into a pEYFP-N1 vector and the resulting chimera, i.e. 

yellow fluorescing protein (YFP) conjugated to the C-terminal of PLKC, was 

expressed in different cell lines. MDCK-II cells used as a model for epithelial cells 

and Chinese Hamster Ovarian (CHO) cells representing non polarized cells were 

stably transfected with pEYFP-PLKC. Furthermore, expression of the same chimeric 

protein in COS-1 (non polarizing cells), Huh7, HT29 and HeLa (all these three 

epithelial cell lines) was analyzed by confocal laser microscopy by means of transient 

transfection. 

A verification of the correct expression, intracellular localization and transport 

competence of the PLKC-YFP chimera was performed by immunofluorescence and 

immunoprecipitation with PLKC∆YFP in transiently transfected COS-1 cells (data not 
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shown). In this construct, the original stop coding of the PLKC-open reading frame is 

re-introduced, resulting in the expression of PLKC without linked YFP. 

For detection of the untagged protein, the PepI antibody directed against the 

cytosolic domain of PLKC was used. The results confirmed that the conjugation of 

PLKC to the C-terminus of PLKC did not interfere with protein expression and 

processing.  

Figure 8 shows the expression of PLKC-YFP in COS-1 cells in a steady state 

situation, cotransfected with either ER-DsRed (a marker for the ER) or galactosyl-

transferase (GT) linked to DsRed as a marker for the trans-golgi compartment. Some 

PLKC containing vesicles are found in the golgi apparatus (blue arrow, colocalization 

with GT-DsRed appear as yellow spots), but no staining for PLKC in the ER can be 

detected (yellow arrow). PLKC is also found diffusely spread at the plasma 

membrane of single cells (white arrow), forming filamentous structures. 
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Figure 8 Expression of PLKC-YFP in COS-1 cells 

 COS-1 cells were co-transfected with PLKC-YFP and either ER-dsRed as marker 
for the ER or GT-DsRed, staining the trans-golgi. 48 hours after transfection 
subcellular distribution was analyzed using confocal microscopy.  
Blue arrow: trans-golgi compartment, white arrow: PLKC expressed on the cell 
surface, yellow arrow: ER. 
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Similar results were obtained with CHO cells stably expressing PLKC-YFP (Figure 9). 

Here, PLKC was additionally found at sites of cell-cell contacts (red arrow) when cells 

were cultured at higher density. 

Remarkably, all analyzed cell types showed a distinct staining of cell membrane 

protrusions (Figure 9, focussed clipping), especially in sites of cell-cell contacts. 

For further investigations, the generated cell line CHO-PLKC-YFP (clone 3 with 

almost 100 % transfection efficiency) was used as a model of non polarizing cells 

instead of COS-1 cells, because CHO cells do not exhibit overexpression of proteins.  

 

14.3µm

 

Figure 9 CHO-PLKC-YFP cells 

 
 
 

 

The analyzed epithelial cell types confirmed the data obtained in non polarizing cell 

lines. In MDCK-PLKC-YFP cells (Figure 10) and transfected HT29, Huh7 or HeLa 

(data not shown) cells filamentous structures at the cell surface can be detected, as 

well as staining of the trans-golgi apparatus, whereas the ER is barely labeled with 

fluorescent protein.  

Stably transfected CHO-PLKC-YFP cells were analyzed by fluorescence 
microscopy. White arrow: trans-golgi compartment, blue arrow: protein at the cell 
surface, red arrow: cell-cell contact sites 
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4.2.2 Redistribution of PLKC 
The casual distribution at the plasma membrane of epithelial cells is significantly 

altered during cell differentiation upon cell-cell contacts. In fact, in single MDCK-II 

cells PLKC (Figure 10, single) is detectable in the golgi apparatus (white arrow) and 

as filamentous structures spread on the cell surface (blue arrow). Upon first contacts 

with neighbouring cells protein molecules are significantly redistributed to cell-cell 

contact sites (Figure 10, islands). Finally in a completely differentiated monolayer, i.e. 

cells cultured five days after confluence, nearly all protein is redirected to the cell-cell 

contacts or the apical membrane (Figure 10, confluent). 

 

single confluentislands

15.1µm11.4µm 32.8µm

 

Figure 10 Expression of PLKC-YFP in MDCK-II cells and redistribution upon cell-cell 
contacts 
MDCK-PLKC-YFP cells were plated at low density and subcellular distribution was analysed using 
confocal laser microscopy during formation of a confluent monolayer. Blue arrow: cell surface, white 
arrow: golgi apparatus, red arrow: cell-cell contact sites. 
 

XZ-section scan
 

Figure 11 XZ-Section scan of MDCK-PLKC-YFP 
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The distinct subcellular expression pattern of PLKC in polarized epithelial cells was 

analyzed using optical section scans along the vertical plane (XZ-section) of a closed 

monolayer (Figure 11): PLKC is nearly exclusively expressed at the apical membrane 

(apical, white arrow) or at the lateral zone of the cell-cell contacts (lateral, red arrow). 

On the contrary, the basal cell surface is totally devoid of fluorescing molecules 

(basal). 

In the XZ-section scan (Figure 11), which represents a cross-section throughout the 

monolayer, the high sorting efficiency to the apical cell surface (white arrow) and cell-

cell contact sites (red arrow) is even more emphasized. 

 
 

4.2.3 Compartment cell surface biotinylation 
The confocal results regarding the efficient targeting to the apical membrane were of 

MDCK-II cells were further confirmed by a biochemical assay. For this, MDCK-PLKC-

YFP cells were cultured on transparent polyester filter membranes (pore size 0.4µm), 

which allow to differentiate between the surface domains of the apical and the basal 

compartment. 

Five days after confluence, cell surface proteins expressed at the apical or the basal 

compartment were labeled with Biotin-NHS. After immunoprecipitation of PLKC-YFP, 

the biotinylated proteins-fraction was detected in western blot using streptavidin 

conjugated horseradish peroxidase.  

As reported in Figure 6, PLKC molecules are almost exclusive detected in the fraction 

corresponding to the apical membrane, whereas the basal compartment lacks nearly 

any PLKC expression. In the quantification, the biotinylation signal was corrected by 

the total expression of PLKC, measured by fluorography. The ratio between apical 

and basal cell surface expression of PLKC resulted to be about 96 to 4 (± 2.7, n = 3), 

underlining the high fidelity of apical sorting of PLKC, which was already observed by 

confocal laser microscopy analysis. 
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Figure 12 Cell surface biotinylation of PLKC 
MDCK-PLKC-YFP cells were grown on filter until confluence and pulse labeled with [35S] methionine 
for 12 hours. Cell-surface proteins, either of the apical chamber (apical) or the basal compartment 
(basal), were labeled with Biotin-NHS for 30 minutes on ice prior to lysis and immunoprecipitation of 
PLKC-YFP with mAb anti-GFP. Proteins were separated on small 5 % SDS-PAGE slab gels and 
subsequently a western blot using streptavidin coupled to horseradish peroxidase was performed to 
detect biotin-tagged PLKC-YFP (A). Radioactive labeled PLKC protein was visualized by 
autoradiography (right panel) as an internal control as well as for quantification of ratio of biotinylated 
protein. Intensity of the bands was quantified using Biorad QuantityOne system (B), Number of 
repeated experiments (n) = 3. 
 
 
 

4.2.4 PLKC is localized neither in adherens junctions nor in zonula 
occludens 

In order to further elucidate the subcellular distribution with regard to specific 

compartments of the cell-cell contact regions in polarized cells, markers for adherens 

junctions (E-cadherin) and for the zonula occludens (ZO-1 and occludin) were used 

in immunofluorescence analysis.  

As depicted in Figure 13, PLKC does not colocalize with E-cadherin, which is 

expressed at the basolateral cell-cell contact sites, but is rather located apically in 

correspondence of adherens junctions and on the apical cell surface. 
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Figure 13 Localization of E-cadherin in MDCK-PLKC-YFP cells 
MDCK-PLKC-YFP cells were grown to confluence and fixed with paraformaldehyde. Cells were 
permeabilized with 0.5 % saponine and E-cadherin was stained with mAb anti-E-cadherin. Alexa 
Fluor® 568 was used as secondary antibody.  
 

XZ-section scan

PLKC-YFPE-cadherin

merge

 



RESULTS 

 

 77

Similarly, regions of the tight junctions in MDCK-PLKC-YFP cells were stained with 

mAb against ZO-1 and occludin (Figure 14), two proteins known to be redirected to 

the tight junctions in polarized epithelial monolayers (Stevenson et al., 1986;Furuse 

et al., 1993). Both proteins are expressed in very limited regions at the cell-cell 

contacts (blue arrow) but their localization is clearly distinct from spots of PLKC, 

which is surprisingly found on both sides, apical (white arrow) and basal from tight 

junctions, but never colocalized with ZO-1 or occludin (white arrow in the XZ-section 

scan).  
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Figure 14 Staining of the tight junctions proteins ZO-1 and occludin 
MDCK-PLKC-YFP cells were grown to confluence, fixed with 4 % paraformaldehyde and 
permeabilized with 0.5 % saponine.  The tight junctions proteins ZO-1 and occludin were labeled with 
mAb anti-ZO-1 or mAb anti-occludin respectively. Cy3 fluorochrome conjugate was used as second 
antibody. 
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4.2.5 Association with the actin cytoskeleton 
Finally, the association of PLKC with the cytoskeleton was studied by 

immunofluorescence (Figure 15). In polarized cells forming a closed monolayer or 

islands, PLKC colocalizes with actin filaments expressed at sites of the cell-cell 

contacts (blue arrow) and on the apical membrane (white arrow), whereas the basal 

actin fibers are devoid of PLKC molecules.  

In contrast, a staining for tubulin demonstrated that PLKC is not closely related to 

tubulin cytoskeletal components (not shown).  
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Figure 15 Association of PLKC with the actin cytoskeleton 
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MDCK-PLKC-YFP cells were fixed in 4 % paraformaldehyde and permeabilized with 0.5 % saponine 
in blocking buffer containing 1 % BSA. Actin filaments were stained with phalloidin, linked to Alexa 
Fluor® 546 and sectional scanning was performed using immunofluorescence microscopy. 
 

Interaction of PLKC with the actin cytoskeleton was further explored using 

cytochalasin D. Incubation with this drug inhibits polymerization of F-actin and 

thereby leading to a subsequent destruction of actin filaments (Rubtsova et al., 

1998).  

The result of an over night incubation of MDCK-PLKC-YFP cells is displayed in 

Figure 16: beside the expected disruption of actin filaments, the distribution of PLKC-

molecules is dramatically altered. The protein is no more able to reach the cell 

surface and accumulates in vesicular structures near by the nucleus, presumably in 

the golgi apparatus. Nevertheless, PLKC still colocalizes with actin (yellow spots, 

indicated by a white arrow).  
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Figure 16 Destruction of actin filaments by cytochalasin D 
Confluent MDCK-PLKC-YFP cells were incubated for 6 hours with 1 µg / ml cytochalasin D in culture 
medium. Cell were then fixed in 4 % paraformaldehyde and permeabilized with 0.5 % saponine in 
blocking buffer containing 1 % BSA. Actin filaments were stained with phalloidin, linked to Alexa 
Fluor® 546 and sectional scanning was performed using immunofluorescence microscopy. 
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Association with actin filaments is a typical ability of cadherins of the classical type, 

e.g. E-cadherin, which is known to be linked by catenins to the actin cytoskeleton and 

thereby mediates intercellular adhesion (Vasioukhin et al., 2000). However, 

protocadherins have been proved to exhibit a significantly weaker connection to 

intracellular structures (Telo' et al., 1998). By the use of the organic detergent 

Nonident P-40 combined with Triton X-100, proteins that are strongly associated to 

actin cytoskeleton are insoluble in these detergents whereas loose connected 

proteins are separated and found in the supernatant (Lampugnani et al., 1995). 

Confluent MDCK-PLKC-YFP cells were harvested with PBS and incubated with the 

extraction buffer (1 % Nonident P-40, 1 % Triton X-100, 100 mM NaCl, 10 mM Tris-

HCl pH 7.4) for 30 minutes on ice. After centrifugation at 13,000 rpm for 30 minutes, 

the supernatant, containing the resolved proteins, was decanted and the pellet was 

further solubilized using standard lysis buffer containing 1 % SDS. Both fractions 

were loaded on SDS-PAGE (5 % for detection of PLKC and 10 % slab gels for E-

cadherin). PLKC and E-cadherin, the latter used here as a marker for the protein 

fraction strongly associated to actin filaments, were detected by western blot, using 

mAbs anti-GFP and anti-E-cadherin, respectively.  

The results shown in Figure 17 strongly suggest that association of PLKC with the 

actin cytoskeleton is rather weak and definitely not as strong as the conjugation of a 

classical cadherin like E-cadherin. PLKC is exclusively detected in the supernatant 

and not found in the pellet whereas E-cadherin is present at the same amount in both 

fractions - which is in line with observations made by other work groups (Telo' et al., 

1998). 
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Figure 17 Extraction of PLKC with Nonident P-40 
MDCK-PLKC-YFP cells were grown until confluence and extracted with 1 ml 1 % Nonident P-40 and 1 
% Triton X-100 for 30 minutes on ice. After centrifugation at 13,000 rpm for 30 minutes, the pellet was 
solubilized using 1 ml SDS-containing lysis buffer. 20 µl of pellet (p) and supernatant (sn) fraction were 
load on either 5 % (for PLKC) or 10 % (for E-cadherin) SDS-PAGE. Afterwards a western blot and 
protein detection with either mAb anti-GFP (lane 1 and 2) or anti-E-cadherin (lane 3 and 4) were 
performed. 
 
 

4.2.6 Influence of calcium on subcellular distribution of PLKC 
The calcium concentration in the surrounding medium plays a crucial role in 

maintenance of an epithelia monolayer. Depletion of extracellular calcium ions has 

been shown to result in disruption of adherens junction and finally in detachment of 

cells from the underground (Volberg et al., 1986). Thereby, the distribution of E-

cadherin and many other cadherins is dramatically and rapidly altered (Takeda, 

2004). 

To assay the function of calcium on subcellular distribution and plasma membrane 

expression of PLKC, calcium depletion was performed in a time-course-experiment 

using the calcium specifi chelating agent EGTA (ethylene glycol tetraacetic). 

MDCK-PLKC-YFP cells were grown on glass cover slips until five days after 

confluence. In order to mask free Ca2+ ions in the medium, EGTA was added at a 

final concentration of 5 mM and cell samples were fixed at 0, 2, 5, 10, 20, 30, 45 and 

60 minutes after EGTA addition. Visualization of E-cadherin was performed in 

immunofluorescence with mAb anti-E-cadherin as described before (cp. 4.2.4). 
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In the absence of EGTA in the medium, PLKC and E-cadherin are both expressed in 

sites of intercellular contacts, although they do not colocalized as described in 4.2.4. 

However, only two minutes after addition of EGTA, E-cadherin is redistributed from 

the cell membrane into submembranous regions and it is found in vesicles in the cell 

body. In contrast, PLKC remains on the cell surface (figure 18). This effect is clearly 

emphasized in the further time points until cells came off the ground after 30 - 45 

minutes. Here, nearly all E-cadherin molecules were accumulated in the cell body, 

whereas PLKC was still located on the plasma membrane, absolutely unaffected by 

the calcium removal. 
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Figure 18 Redistribution of E-cadherin upon Calcium removal 
MDCK-PLKC-YFP cells were grown until five days after confluence. Then, calcium was chelated by 
addition of EGTA (5 mM final concentration). Samples were fixed after increasing time points (shown 
after 10 minutes). For visualization of E-cadherin, cells were processed by immunofluorescence as 
described above. 
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4.2.7 Biochemical analysis of PLKC 
As all the other members of the cadherin superfamily, PLKC is a glycoprotein, which 

is transported along the secretory pathway, consisting of ER, cis-, medial- and trans-

golgi apparatus (schematically shown in Figure 19) and secretory vesicles directed to 

the cell surface. Thereby, PLKC is first synthesized in the ER as an approximately 

140 kDa big mannose rich precursor protein, which is enriched by 27 kDa of the 

attached YFP and therefore seen at a size of ~ 170kDa (referred to as the high 

mannose form PLKCh, cp. Figure 20A, lane 1). The N-linked mannose residues can 

be cleaved with endo-N-ß-acetylglucosaminidase H (endo H) (Tarentino et al., 1978), 

inducing a shifting of the band representing PLKCh down to ~145 kDa (lane 2). 

During further processing, the mannose rich precursor protein leaves the ER into the 

cis-golgi compartment and the linked carbohydrate residues were trimmed and 

modified, resulting in the complex glycosylated, mature form of PLKC (PLKCc). This 

glycoisoform is almost entirely insensitive to endo H treatment (Dunphy et al., 1985), 

represented in Figure 20A, lane 1 at a size of about 210 kDa (inclusive of YFP), 

sinking after endo H treatment only marginal (lane 2). The added complex N-linked 

sugar residues can be cleaved with endo-N-ß-acetylglucosaminidase F (endo F), 

which causes independently of further branching of initial linked glycans a decrease 

of both glycoisoforms, PLKCh and PLKCc to approximately 155 kDa (lane 4). The 

difference in size between the generated forms after enzyme treatment indicates that 

endo F is not capable of cleavage of all N-linked carbohydrates whereas after 

incubation with endo H the whole N-glycosylation of the mannose-rich precursor 

protein is depleted. 
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Figure 19 Processing of N-linked glycans and their inhibition 
(modified from Tayler and Drickamer, “Introduction in Glycobiology”. Oxford university press 2003) 

 

To determine the composition of complex carbohydrate residues of mature PLKC in 

detail, selective inhibitors of different steps of the N-glycosylation process were used 

first (Elbein, 1983). As schematically shown in Figure 19, dMM (deoxymanno-

jirimycin) inhibits the golgi mannosidase I in the cis-golgi compartment, resulting in a 

block of any further modification. Monensin blocks the activity of the golgi 

mannosidase II in the medial golgi, leading to a similar incomplete glycosylation 

pattern as dMM does.  Swansonaine functions downstream along the protein 

maturation pathway in the trans-golgi compartment by inhibiting sialyl-transferases, 

leaving some complex glycans which have been already added in cis- and medial 

golgi, but they may result in slightly smaller glycoforms due to the absence of sialic 

acid residues. 

In all experiments, cells were grown to confluence and the inhibitor was added during 

two hours incubation with methionine free medium and again during the 6 hour pulse 

labelling period. Results are represented in Figure 20 B: the left panel shows PLKC 

expression of untreated cells, consisting of the ~170 kDa high PLKCh and PLKCc with 

an approximately size of 210 kDa. Treatment with dMM or monensin (lane 2 and 3) 

both result in the disappearance of the complex glycosylated band, leaving only one 
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band of around 170 kDa corresponding to the mannose rich form modified by 

trimming the mannose residues and processed to the state of cis-golgi (dMM) or 

medial-golgi (monensin), respectively. Because further attachment of N-

acetylglucosamine (GlcNAc), galactose and sialic acid are blocked, the created 

polypeptide is undistinguishable by SDS-PAGE from the mannose rich ER form.  

As mentioned, the effect of swansonaine is limited to the addition of sialic acids in the 

trans-golgi compartment. Thus, the observed descrease in size of the PLKC mature 

form of around 25 kDa which is quite significant and detectable, can be explained as 

the contribution of sialic acids.  

Finally, O-glycosylation was examined by using benzyl-N-acetyl-α-D-galactosaminide 

(benzyl-GalNAc), a sugar analogue that strongly interferes with O-glycosylation 

events by competing with GalNAc. Its effect was observed as a shift of about 25 kDa 

of the complex glycosylated protein on the gel (Figure 20 C).  

All together, these findings showed that the mature PLKC is heavily O-glycosylated 

and it exhibits a substantial N-glycosylation. 
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Figure 20 Biosynthesis and glycosylation pattern of PLKC 
MDCK-II cells stably expressing PLKC-YFP were pulsed for 6 hours and cell homogenates were 
processed by immunoprecipitation with mAb anti-GFP. 
(A) Immunoprecipitates were treated with endo-N-ß-acetylglucosaminidase H (endo H) or endo-N-ß-
acetylglucosaminidase F (Endo F) respectively prior to SDS-PAGE on 5 % slab-gels. 
(B) In order to inhibit the N-glycosylation of PLKC at different stages of the maturation pathway, 
deoxymanno-jirimicin (dMM), monensin (Mon) or swainsonine (Sw) were separately added to the 
medium during the incubation with methionine-free medium and the 6h labelling. 
 (C) Cells were labeled in presence (+) or absence (-) of benzyl-N-Acetyl-galactosaminide, (benzyl-
GalNAc) as specific inhibitor of the O-glycosylation. 
 
 

4.2.8 Biosynthesis and intracellular transport 
As a next step, the transport kinetic of PLKC was examined by pulse chase 

experiments (Figure 21). MDCK-II cells stably expressing PLKC-YFP were labeled 

(“pulsed”) with [35S] methionine for a short period of time (15 minutes), and chased 

for different time intervals, in order to follow selectively the newly synthesized 

proteins along their intracellular maturation and trafficking. After the 15 minutes 

labelling cells were washed twice with PBS and normal culture medium with “cold”, 

i.e. non radioactive sulphur, was added. From this point on, all new synthesized 

proteins are “cold” and the polypeptide fraction containing sulfur-35 is processed 

along the cellular machinery, “chased” by “cold” proteins. Samples were then 

collected at different time points in order to study the kinetics of PLKC processing, 

especially the conversion from the endo H sensitive mannose rich band, 

corresponding to the protein fraction which is still in the ER to the complex 

glycosylated form found in the trans-golgi network and on the cell membrane. 

Since PLKC is transported very quickly, a pulse period of only 15 minutes was used. 
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The amount of protein synthesized in this short time is rather small, which is the 

reason why the experiment was split and for the longer pulse chase a pulse of 2.5 

hours was performed (Figure 21B). 

In the sample taken immediately after the 15 minutes pulse period (Figure 21A, 0 

minutes), only the mannose rich form is present. Treatment with endo H leads to the 

expected shift down to a band of about 145 kDa. However, already after 15 minutes 

of chase a faint band at the size of the complex glycosylated form (~ 210 kDa) is 

detectable. In contrast to the mannose rich band at the same time point, this band is 

not affected by endo H because of its complex glycosylation. Later on, the intensity of 

the complex band increases, whereas the mannose rich band corresponding to 

protein in the ER is weakened and is almost gone at the 2-hours-chase point. These 

results indicate that PLKC is processed very quickly: already 20 to 30 minutes after 

synthesis, the first molecules reach the golgi compartment, acquiring complex 

glycosylation. After 1 hour, most of the labeled protein has left the ER. 

This observation is in line with the confocal analyses (cp. Figure 8), as no PLKC-YFP 

molecules are detected in ER-representing structures.  

 

To further elucidate, whether the transport of PLKC from the golgi to the cell surface 

occurs with a similar kinetic with respect to its release from the ER, a pulse chase 

assay with trypsin surface treatment was performed (data not shown). Trypsin was 

added to intact cells after different chase-intervals as described below, in order to 

cleave the PLKC molecules exposed on the cell surface. The appearance of a PLKC-

derived fragment of 150kDa due to trypsin treatment was therefore used in a pulse-

chase experiment as a marker to define at which time point PLKC reached the cell 

membrane. Based on this approach, it has been shown that the first fragmentation of 

PLKC is slightly detectable after 30 minutes of chase, indicating that the protein is 

delivered to the cell membrane with similar kinetics as out of the ER. This finding is 

again supported by confocal data as a typical staining of the cis-golgi compartment is 

missing in confluent cells and vesicular structures are only randomly detected. 

Pulse-chase experiments in MDCK-II cells that included longer chase-time intervals 

were also performed (Figure 21B) in order to determine the turn-over rate and half-
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life period of PLKC. After 48 hours chase, PLKC was still detectable in a constant 

amount, suggesting that the half-life of the protein is at least higher than 48 hours, 

indicative of a stable protein. Extending the chase up to 96 hours, the protein bands 

fade slightly, but there is still intact protein detectable after this period. Similar results 

were obtained using CHO-PLKC-YFP as a model for non-polarizing cells (data not 

shown).  

 

chase (min) 0                 15               30               60    120             240

pulse 15 min

endo H                - +        - +        - +        - +       - +       - +     

PLKCc

PLKCh

210kDa

170kDa

145kDa

A

 

chase (h)                  0            6         12         18      24        30         36         48     

pulse 2,5h

PLKCc

PLKCh

210kDa

170kDa

B

 

Figure 21 Processing of PLKC 
MDCK-LKC-YFP cells were labeled for 15 minutes (A) or 2.5 hours (B) with [35S] methionine and 
subsequently chased with non radioactive culture medium for the indicated time intervals. Cells were 
lysed and PLKC-YFP was immunoprecipitated. In A, PAS-beads bearing immunoprecipitated proteins 
were split into two fractions and either subjected to endo H digestion (+) or left untreated (-). Finally, 
proteins were solved on a 5% SDS-PAGE acrilamide gel and detected by fluorography. 
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4.2.9 Effect of glycosylation on protein transport and cell surface 
expression 

4.2.9.1 Trypsin-sensitivity assay of cell surface proteins 
Correct glycosylation is known to play a crucial role in acquisition of a proper folding, 

transport and functionality of glycoproteins.   

To determine the role of sugar residues in the transport of PLKC, first specific 

inhibitors of N-glycosylation (dMM, Monensin, Swansonaine) and O-glycosylation 

(Benzyl-α-GalNAc) were used as described above. The cell surface expression of 

PLKC was assessed by trypsin accessibility. In a preliminary experiment, the suitable 

concentration of trypsin was defined. For this, MDCK-LKC-YFP cells were 

biosynthetically labeled with [35S] methionine for 6 hours and subsequently, cells 

were washed twice with ice-cold PBS and incubated for further 45 minutes on ice 

with increasing doses of trypsin in PBS (100, 250, 500, 1000 µg/ml). After two more 

washings with PBS, cells were lysed and PLKC-YFP was immunoprecipitated. As 

shown in Figure 22, the fraction of PLKC which is expressed on the cell surface is 

cleaved by any of the indicated concentrations of trypsin, generating a detectable (C-

terminal) fragment of around 150 kDa. The major fraction of the complex 

glycoisoform is cleaved, but there is still a faint signal at the size of 210 kDa 

detectable, representing intracellular complex glycosylated PLKC molecules in the 

golgi compartments and transport vesicles which are not accessible for the trypsin. 

As expected, the mannose rich band is not affected, either. This assay confirmed that 

the major proportion of PLKCc molecules is localized on the cell surface. 
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Figure 22 Trypsin treatment of cell surface proteins 
MDCK-PLKC-YFP cells were biosynthetically labeled for 6 hours, washed twice with ice cold PBS and 
were treated with the indicated concentrations of trypsin in PBS for 45 minutes on ice. Cells were 
washed with ice cold PBS and reaction was stopped by addition of trypsin inhibitor on ice. Afterwards, 
cells were lysed and PLKC-YFP immunoprecipitated using mAB anti-GFP. The proteins were 
separated on 5 % SDS-PAGE slab gels and PLKC was detected by fluorography. 
 
 
 
Based on the previous titration experiment, trypsin was added to labelled MDCK-

LKC-YFP cells at concentration of 100µg/ml, and a similar assay was performed as 

described above. Addition of inhibitors of the glycosylation allowed defining the 

possible role of N- and O-glycans to the delivery of PLKC to the cell surface. Figure 

23 unequivocally demonstrates that an efficient transport of PLKC to the cell surface 

does not depend from N-glycosylation or from O-glycosylation. In fact, PLKC is 

expressed on the cell membrane with comparable efficiency, as proved by the 

sensitivity to trypsin, both in the presence and in the absence of the inhibitors. 

However, differences in the cleavage products of PLKC were highlighted. In 

comparison with the pattern of the control sample (lane 1), the fragments obtained 

following incubation with trypsin differed in size when cells were previously treated 

with inhibitors. As mentioned above, the N-glycosylation is blocked by dMM (lane 3) 

and monensin (lane 4) at early stages of the processing of glycans. As an effect, a 

protein very similar to the mannose rich form is produced. In spite its incomplete 

glycosylation, this protein form reaches the cell surface and produces a fragment of 

~110kDa (instead of 150kDa of the control) after trypsin treatment. A fragment that is 

intermediate in size (between 110 kDa and 150kDa) is obtained in the presence of 

benzyl-GalNAc (lane 2) and swainsonaine (lane 5). 

From this unaffected trypsin sensitivity the conclusion was derived that PLKC 

molecules, which are not correctly complex glycosylated, are capable to reach the 

cell surface. This hypothesis is confirmed by confocal analysis of MDCK-LKC-YFP 

cells incubated with the indicated inhibitors for up to 48 hours (data not shown) as in 

life images at various time points (6 hours to 48 hours), no difference in the 

subcellular distribution of PLKC was seen in cells treated with glyco-inhibitors 

compared to untreated cells. 
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Figure 23 Effect of glycosylation on cell surface expression of PLKC 
MDCK-PLKC-YFP cells were labeled for 6 hours in presence of different inhibitors of glycosylation. 
Subsequently, cells were washed twice with ice-cold PBS and incubated with 100 µg / ml trypsin in 
PBS for 45 minutes at room temperature. Cells were washed with ice cold PBS and reaction was 
stopped by addition of trypsin inhibitor on ice. Afterwards, cells were lysed and PLKC-YFP 
immunoprecipitated using mAB anti-GFP. The proteins were solved on 5 % SDS-PAGE slab gels and 
PLKC was detected by fluorography. 

 
 

4.2.9.2 Expression of PLKC in glycosylation deficient CHO/Lec cells 

4.2.9.2.1 Biochemical analysis 
In order to further dissect the possible impact of glycosylation on the subcellular 

distribution and cell surface transport of PLKC, a cell system defective of correct 

glycosylation was established. CHO/Lec1 cells, missing the N-acetylglucosaminyl-

transferase I, are no more capable of transfering sialic acids, galactose and N-

acetylglucosamine (GalNAc) residues to the mannose tail (Puthalakath et al., 1996). 

CMP-siliac acid transporters are not expressed by CHO/Lec2 cells (Deutscher et al., 

1984), affecting N-glycosylation as well as O-glycosylation: carbohydrate branches 

lack sialic acids, which are normally coupled in the trans golgi compartment. 

Finally CHO/Lec8 cells do not exhibit efficient UDP-galactose transporters and 

thereby they are unable to link galactose and sialic acid sugars to the polypeptide 

(Deutscher and Hirschberg, 1986;Oelmann et al., 2001).  

All three cell types were stably transfected with PLKC-YFP, generating the new cell 

lines CHO/Lec1-PLKC-YFP, CHO/Lec2-PLKC-YFP and CHO/Lec8-PLKC-YFP. 

PLKC-YFP expressed in wild-type CHO cells (CHO-PLKC-YFP) was used as a 

control. 
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First, biochemical analysis of PLKC expression in the established glycosylation 

defective cell lines and CHO-PLKC-YFP were carried out using immunoprecipitation 

of PLKC-YFP with mAb anti-GFP after 8 hours pulse with [35S] methionine (Figure 

24). To identify the band corresponding to the mannose rich form of PLKC, samples 

were finally subjected to treatment with endo H. 

The first two lanes show PLKC expressed by wild-type CHO cells, exhibiting the 

same pattern already observed in MDCK-II cells (cp. 4.2.7 Biochemical analysis of 

PLKC),  i.e. a band of around 170 kDa corresponding to the endo H-sensitive PLKCh, 

(lane 2, ~ 145 kDa) and the complex glycosylated form (PLKCc, approximately 210 

kDa), which is not affected by endo H digestion.  

In contrast, PLKC expressed by CHO/Lec1 cells is represented by only a single band 

at a size of around 160 kDa, which is completely sensitive to endo H digestion. This 

phenotype is due to the defective activity of N-acetylglucosaminyl-transferase I in 

CHO/Lec1 cells, where newly synthesized proteins are prevented from being further 

processed by addition of N-acetylglucosamine (GlcNAc), galactose or sialic acid to 

the mannose rich core. Therefore, the created glyco-polypeptide is fully sensitive 

towards endo H and no resistant complex glycosylated isoform is generated.  

Proteins isolated from CHO/Lec2-PLKC and CHO/Lec8-PLKC cells both show a 

complex glycosylated form (lane 5 - 8). But whereas CHO/Lec2-PLKC cells (lane 5 

and 6) exhibit nearly the same glycosylation pattern as the wild type, in CHO/Lec8 

cells (lane 7 and 8) the ratio between PLKCc and PLKCh is changed in favour of the 

latter one. Furthermore, in CHO/Lec8 cells, the complex band is shifted down (~ 

20kDa) and not as expanded as the one of the wild type (lane 1 and 2) or as it is in 

case of CHO/Lec2 cells. These effects are the consequence of impaired N-

glycosylation in the cis-golgi of CHO/lec8 cells: defects in the UDP-galactose 

transporters lead to a blocked addition of sialic acids to the premature 

glycopolypeptide and therefore, the complex form is diminished. 

CHO/Lec2 cells only lack N- and O-linked sialic acids due to a malfunction of CMP-

siliac acid transporters and therefore the difference to CHO-wild type cells is not as 

significant as it is in case of the other mutants. 
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These oberservations lead to the conclusion that the O- as well as the N-

gylcosylation mainly consist of N-acetylglucosamine (GlcNAc) and galactose 

residues, whereas sialic acids, added in the trans-Golgi compartment are 

represented to a much less extent. 

 
The difference of approximately 10 kDa between both, the complex and the mannose 

rich forms of PLKC expressed in the glycosylation mutants on the one hand (~ 200 

kDa and ~ 160 kDa respectively) and the one generated in “wild type” CHO cells on 

the other hand (~ 210 kDa and ~ 170 kDa) is caused by a different processing of the 

precursor protein in the ER. In CHO/Lec cells only five mannose residues are linked 

to the two GlcNAc linked to asparagine residues of the core protein, whereas in “wild 

type” CHO cells nine mannose molecules are attached. 
 

CHO/K1- CHO/Lec1- CHO/Lec2- CHO/Lec8-
PLKC             PLKC             PLKC              PLKC

endo H - +          - +          - +         - +

PLKCc

PLKCh

210kDa

170kDa

145kDa

 

Figure 24 Expression of PLKC in glycosylation-mutant CHO cells 
PLKC-YFP was stably transfected into CHO/Lec1, CHO/Lec2 and CHO/Lec8 cells. The clones and 
CHO-PLKC-YFP cells, which served as a control, were biosynthetically labeled for 8 hours with [35S] 
methionine, and PLKC-YFP was immunoprecipitated from total cell lysates using mAb anti-GFP. 
Beads were treated with Endo H (+) or not (-). 
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4.2.9.2.2 Analysis of subcellular distribution by confocal laser microscopy 
The intracellular localization of the chimeric PLKC-YFP in transfected CHO/Lec cells 

was determined using confocal laser microscopy (Figure 25).  
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Figure 25 Confocal analysis of PLKC in glycosylation mutant CHO cells 
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In all three glycosylation defective cell types, PLKC is predominantly localized at 

intercellular cell contact sites (blue arrows) and on the cell surface (white arrow) 

although a partial staining for vesicular structures was also observed (red arrows). 

Although CHO cells are non-polarizing cells, the Lec mutant cells exhibit a cell shape 

and expression pattern of PLKC on the cell surface which resembles strikingly some 

epithelial cell lines like MDCK-II. This is even more convincing when XZ-sections of 

confluent monolayer are scanned (Figure 26). PLKC is sorted to the “apical” 

membrane and to the lateral cell-cell contacts nearly to the same extent like it was 

shown in MDCK-II cells (cp. 4.2.2 Redistribution of PLKC). So we can address here a 

kind of directed apical and lateral transport, which is obviously not effected by 

impaired glycosylation of the protocadherin. Because the data acquired by inhibitors 

of glycosylation (cp. 4.2.9 Effect of glycosylation on protein transport and cell surface 

expression) and confocal experiments using the CHO/Lec cells were absolutely 

convincing, no cell surface biotinylation or trypsin assays were performed with the 

glycosylation mutant cell lines to show that PLKC-YFP indeed reaches the cell 

surface. 

 

XZ-section scan

 

Figure 26 XZ-section scan of glycosylation defective cells expressing PLKC-YFP 
CHO/Lec2-PLKC-YFP cells were grown until five days after confluence and analyzed using the XZ-
section scanning method in laser microscopy. Similar results were obtained using CHO/Lec1-PLKC-
YFP or CHO/Lec8-PLKC-YFP cells. 
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4.2.10 Dimerization of PLKC  

4.2.10.1 Seperation of cross-linked PLKC molecules by SDS-PAGE 
Several cadherins of the classical type are known to function as homophilic dimers – 

either by binding homologous molecules localized on the membrane of the same cell 

(“cis-dimers”), or by association with proteins expressed on the cell surface of 

neighbouring cells (“trans”-cellular dimers). Through the latter one, linkage of two 

cells can be established and epithelial monolayers are maintained (Brieher et al., 

1996;Klingelhofer et al., 2002;Kim et al., 2005;Troyanovsky, 2005).  

In order to investigate whether protocadherin LKC is expressed as a dimer or even 

as an oligomeric protein, chemical cross-linking was utilized: DTSSP (3,3´-Dithiobis 

[sulfosuccinimidyl-propionate]) is sulfonated and therefore water soluble. In contrast, 

the non-sulfonated, uncharged compound DSP (Dithiobis[succinimidylpropionate]) 

has lipophilic properties and is only soluble in organic solvents such as DMSO. 

Hence it is capable to permeate the lipid bilayer of cell membranes and reacts also 

with proteins localized intracellular.  

Both reagents are homobifunctional N-hydroxysuccimide ester (NHS-ester), 

composed of two functional groups which react with primary amines resulting in 

covalent amide bonds and release of N-hydroxysuccinimide. The two subunits are 

linked by a “spacer arm” of 12 Ǻ, composed of a disulfide bond, which is thiol-

cleavable. Incubation with proteins, on cell surface (DTSSP and DSP) or intracellular 

(only DSP), each functional group of the homobifunctional reagent reacts with 

primary amines of polypeptide chains (i.e. lysine residues) connecting two amines 

together. Here, the length of the spacer arm is limiting. Two interacting proteins, for 

example receptor and ligand or dimers, are supposed to get in close contact (< 12 Ǻ) 

and can therefore be chemically cross-linked with DTSSP or DSP spanning from an 

exposed lysine residue of the first molecule to one of the other polypeptide. Because 

of the covalent disulfide bond this linkage is resistant to detergents and denaturation. 

It can only be cleaved by thiol-reducing reagents, such as DTT (dithiothreitol, 100 

mM) or β-mercaptoethanol (5 %).  

After dissolving the cross-linked proteins by SDS-PAGE (without DTT in the sample 

buffer to preserve cross-linked complexes), the molecular weight is doubled in case 
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of homologous dimerization or at least increased by the size of the ligand bound to 

the receptor.  

In the performed experiments, PLKC expressed on the membrane were cross-linked, 

using DTSSP at a final concentration of 2 mM in PBS. Confluent MDCK-PLKC-YFP 

cells were washed three times with PBS and incubated with 2 ml reaction mix for 30 

minutes at room temperature. In the control, PBS without DTSSP was used. Excess 

reagent was quenched for 15 minutes with 100 mM Tris-HCl pH 7.4, a buffer which 

contains primary amines, too. Subsequently, cells were lysed with standard lysis 

buffer, separated on 5 % SDS-PAGE (sample buffer without DTT) and PLKC-YFP 

detected in western blot using mAb anti-GFP. 

In a control experiment, cells were incubated with PBS alone. E-cadherin which is 

well described to form stable dimers served as positive control. 

 

DTSSP           - +             - +

anti-GFP anti E-cad

PLKCc

E-cadherinmonomer

PLKCh E-cadherindimer

5% 8%
 

Figure 27 Chemical cross-linking of membrane expressed PLKC 
Five days confluent MDCK-PLKC-YFP cells were washed thoroughly with PBS and incubated with 
DTSSP dissolved in PBS (2 mM final concentration) for 30 minutes. For quenching excess cross-
linker, 100 mM Tris pH 7.4 was added for 15 minutes after several washing steps. Cells were lysed 
and processed on 5 % and 8% SDS-PAGE respectively, using sample buffer which did not contain 
DTT. In the western blot, mAb anti GFP was used to detect PLKC-YFP and mAb anti-E-cadherin for 
control the functionality of the reagent. 
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The results (Figure 27) identify the quartarnary structure of PLKC to be composed as 

a homo dimer. In the control panel (-) no cross-linked PLKC is detected and the 

expected mannose-rich form (PLKCh) at approximately 170 kDa and around 40 kDa 

above the band corresponding to the complex glycosylated protein (PLKCc) are seen. 

The sample treated with DTSSP exhibits an additional band with a higher molecular 

weight. Unfortunately, commercial SDS markers, covering this high molecular mass 

range are not available. But guessed from the distance between the bands it is 

manifest to speculate that this band represent a dimeric form of PLKCc.  

However, it is also possible, that the increase of molecular weight shown in 

immunoblotting is caused by cross-linking protocadherin LKC with an interacting 

partner localized on the plasma membrane. This alternative was excluded by 

performing an immunoprecipitation of cross-linked PLKC-YFP complex isolated from 

a cell monolayer. In order to detect potential cross-linked proteins, the precipitated 

conglomerates were separated by DTT (100 mM in SDS-sample buffer for 10 

minutes at 95°C) and solved on a 10 % SDS-PAGE. 

As shown in Figure 28, no other proteins were co-immunoprecipitated with the PLKC-

complex, indicating that the increase of molecular weight is indeed due to 

homologous dimerization. 
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Figure 28 Immunoprecipitation of cross-linked PLKC complexes 

 
 
 
 
 
 
 
 

4.2.10.2 Identification of dimeric PLKC by sucrose density gradient 
centrifugation 

As an alternative approach to further verify the assumption that PLKC is expressed in 

a dimeric form, cross-linked or untreated proteins from total cell lysates were 

separated by weight on a sucrose density gradient. For this purpose, confluent 

MDCK-PLKC-YFP cells were again cross-linked with DTSSP. After cell lysis in 

standard lysis buffer and centrifugation of the debris, the sample was loaded on the 

top of a gradient prepared from 10 % to 30 % (w / v) sucrose in 100 mM NaCl, 50 

mM Tris-HCl pH 7.5. The gradient was centrifuged for 18 hours in a swing-out rotor 

at 4°C at 100,000 x g. During this time, proteins migrate according to their total 

molecular mass and settle in the region of the gradient corresponding to their density. 

As markers having known molecular mass, β-amylase (~200 kDa) and apoferritin (~ 

450 kDa) were used. 

Afterwards 20 fractions were collected from the top. Samples of each fraction were 

loaded on SDS-PAGE after denaturation and reduction with 100 mM DTT in SDS-

sample buffer. PLKC-YFP was again detected by immunoblot.  

The pattern of PLKC-distribution within the gradient (Figure 29) clearly confirms the 

disposed hypothesis. In untreated samples, PLKC is predominately detectable in 

fractions 4 - 11 which is consistent with its molecular mass, estimated by the 

localization of β-amylase (fraction 6). When cell surface expressed PLKC-molecules 

are cross-linked, dimeric forms are also detected in the gradient fractions of higher 

density (12 - 16), which confirms the duplication of molecular mass, according to the 

marker apoferritin (fraction 13). The observation that only PLKCc is accumulated in 

these dense fractions is explained by the fact that only dimers of the complex 

glycosylated protein which is expressed on the cell surface are cross-linked.  

Fully out differentiated MDCK-PLKC-YFP cells were treated with 
the DTSSP cross linker (2 mM in PBS) as described above. After 
quenching and cell lysis, PLKC-YFP was immunoprecipitated, 
protein complexes were denatured and the disulfide bonds were 
reduced by incubation at 95°C for 10 minutes with 100 mM DTT. 
Proteins were separated on 10 % SDS-PAGE. 
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Figure 29 Sucrose density gradient of cell surfaced expressed proteins 
Confluent MDCK-PLKC-YFP cells were chemically cross-linked without (A) or with DTSSP as 
described above (B). After cell lysis and centrifugation of the cell debris, the proteins were loaded on 
top of a continous 10 % - 30 % sucrose gradient. The gradient was run for 18 hours at 100,000 x g at 
4°C. Subsequently, 20 fraction (number 1 represents the top fraction) were collected and subjected to 
SDS-PAGE. PLKC-YFP was then detected by western-blot using mAB anti-GFP. 

 

4.2.10.3 Determination of the structural type of PLKC-dimers 
As mentioned above (cp. 4.2.10.1 Seperation of cross-linked PLKC molecules by 

SDS-PAGE), clustering of members of the cadherin superfamily is described for both, 

trans-cellular (or “adhesive”-) and cis-dimerization.  

To determine the nature of protocadherin LKC dimerization, a cell culture model, 

mixing two differentially tagged versions of PLKC was established. Beside the 

described MDCK-PLKC-YFP cells, MDCK-II cells which stably express PLKC tagged 
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with myc were generated. Both cell lines were trypsinized, thoroughly singularized 

and mixed and finally plated at high density (~ 5 x 105 cells / cm²) in 100mm dishes. 

Five days after the monolayers reached confluence cell surface molecules were 

cross-linked with DTSSP as described above. Following cell lysis with standard lysis 

buffer, PLKC-myc was immunoprecipitated with mAb anti-myc. The precipitated 

proteins and a sample from the unprecipitated protein fraction were dissolved on 

SDS-PAGE. Then, PLKC-YFP was detected in western blot using mAb anti-GFP 

(Figure 30).  

In the supernatant, a strong PLKC-YFP signal is detectable (second lane) whereas 

the PAS-beads did not co-immunoprecipitated any PLKC-YFP, indicating that no 

trans-cellular dimerization takes place or at least that this interaction is not detectable 

by chemical cross-linking with DTSSP. 
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Figure 30 Co-immunoprecipitation of trans- and cis-cellular PLKC-dimers 
A mix-cell culture with MDCK-PLKC-YFP cells and MDCK cell stably expressing a myc-tagged variant 
of PLKC was established. Several days after formation of closed monolayers, cells surface proteins 
were cross-linked with DTSSP as described above. After cells lysis, proteins were subjected to 
immunoprecipitation with mAB anti-myc. Subsequently, immunoprecipitated proteins and a fraction of 
the supernatant was processed on 4 % SDS-PAGE and PLKC-YFP detected in western blot using 
mAb anti GFP. 
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4.2.11 Association with lipid microdomains 
Many proteins are known to be transported to the cell surface through association 

with lipid microdomains, which exhibit a distinct lipid composition. Based on their 

insolubility to non-ionic detergents they were termed “detergent resistant 

microdomains” (DRMs), but are also often addressed as “rafts” or “lipid rafts” (Simons 

and Ikonen, 1997). 

In order to answer the question whether the apical or lateral transport of 

protocadherin LKC is mediated by DRMs, several different detergents were tested in 

“pellettation assays”. Therefore, MDCK-PLKC-YFP cells were cultured until five days 

over confluence and solubilized over night (~ 12 hours) on ice in 1 ml solubilization 

buffer (1 % detergent in 25 mM Tris-HCl, pH 8.0, 50 mM NaCl). For a first screening, 

Brij 96, Lubrol, Tween 20 and Triton X-100 were used. By a subsequent 

centrifugation at 1,500 x g nuclei and debris were separated and the supernatant, 

containing the lipid rafts, was further centrifuged at 100,000 x g at 4°C for 90 

minutes. The yielded pellet was processed in 200 µl 1 % SDS at 95°C for five 

minutes, solubilizing the precipitated cell extracts, and then diluted with standard lysis 

buffer up to 1 ml. Samples from the supernatant and the solubilized pellet were 

subjected to immunoprecipitation with mAb anti-GFP and solved on SDS-PAGE. 

The results, shown in Figure 31 demonstrate that PLKC is associated in distinct lipid 

microdomains, which are insoluble in rather weaker detergents such as Brij 96, 

Lubrol or Tween 20 (lane 1-6). Almost the entire amount of complex glycosylated 

protein is recovered in the pellet, indicating, that it is masked with lipid microdomains 

which can not be solubilized with the detergent. In contrast, Triton X-100, which is 

usually used to indentify “rafts”, is capable to solubilize a fraction of both, the 

mannose-rich and the complex glycosylated form of PLKC, indicating that PLKC is in 

part not enclosed in Triton X-100-rafts. 
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Figure 31 PLKC associated with detergent resistant microdomains 
Confluent MDCK-PLKC-YFP cells were continously labeled for 6 hours with [35S] methionine. 
Subsequently the cells were rinsed twice with ice-cold PBS and solubilized using 1 % of the indicated 
detergent in 25 mM Tris-HCl pH 8.0, 50 mM NaCl for 12 hours over night. After separation of cell 
debris by centrifugation at 1,500 x g for 15 minutes, the supernatant was processed by ultra-
centrifugation at 100,000 x g for 90 minutes at 4°C. The supernatant (s) was subjected to 
immunoprecipitation with mAb anti-GFP. The pellet was boiled in 200 µl 1 % SDS for 5 minutes, 
diluted with standard lysis buffer up to 1 ml and PLKC-YFP was immunoprecipitated (p). 
 

 

In the next step, the implication of N- or O-linked glycans on association with 

detergent resistant lipid microdomains was elucidated. Therefore, the established 

system of glycosylation deficient CHO/Lec cells was used (cp. 4.2.9.2 Expression of 

PLKC in glycosylation deficient CHO/Lec cells).  

As shown in Figure 32, the association with DRMs is not affected by impaired 

glycosylation in CHO/Lec cells. Furthermore, the ration between unsolubilized, i.e. 

rafts-associated, and solubilized fraction of PLKC processed in CHO/Lec cells does 

not differ in comparison to wild type CHO cells (lane 1 and 2). Even PLKC 

synthesized in CHO/Lec1 cells is included in lipid rafts. Because this cell line is 

deficient of N-acetylglucosaminyl-transferase I activity and thereby unable to process 

N-linked glycans beyond the five-mannose-state (cp. 4.2.9.2), the N-linked 

glycosylation is nearly completely depleted. In CHO/Lec 8 cells, the O-glycosylation 

as well as the N-glycosylation is blocked at a very early state. Nevertheless, a clear 

association with Triton X-100 resistant lipid microdomains is observed. 

Taken together, these findings unequivocally demonstrate that the association of 

PLKC with lipid microdomains is not dependent on correct N- or O-glycosylation. 
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Figure 32 Association of PLKC with lipid rafts in glycosylation defective cells 
Confluent CHO, CHO/Lec1, /Lec2, /Lec8–PLKC-YFP cells were continously labeled for 6 hours with 
[35S] methionine. Subsequently the cells were rinsed twice with ice-cold PBS and solubilized using 1 % 
Triton X-100 in 25 mM Tris-HCl pH 8.0, 50 mM NaCl for 12 hours over night. Further processing was 
performed as described before. 
 

 

4.3 Functional aspects of PLKC expression 

4.3.1 Altered cell morphology of CHO cells  
Fibroblast-like CHO cells were stably transfected with PLKC-YFP resulting in the new 

cell line CHO-PLKC-YFP exhibiting a transfection efficiency of almost 100% (clone 

3). Another cell line (CHO-GFP) expressing only green fluorescing protein was 

created as a control. 

During cell culture, the growth properties of both cell lines and wild type CHO (CHO-

wt) were compared. Wild type CHO cells in general grow with a typical longish shape 

in loose clusters without intense contacts. After a couple of days, they form fish-

swarm similar formations some time prior to detaching plates when they are 

overgrown. 

CHO-GFP showed the same characteristics as wild type CHO, whereas the 

morphology of CHO-PLKC-YFP cells altered dramatically upon cell-cell contacts 

(Figure 33): most cells abandoned their prolate figure and became rather spheroidal, 

square or rhomboid. Likewise, the typical fish-swarm formations disappeared nearly 
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completely and the cells formed a uniform monolayer, almost resembling epithelial 

cell types. These different growth characteristics were even more evident, when cells 

were cultured on polyester filter membranes.  

Moreover, analysis with confocal laser microscopy demonstrated that PLKC-YFP is 

predominately localized in sites of cell-cell contacts (not shown), comparable to 

lateral staining in MDCK-PLKC-YFP cells (cp. 4.2.2 Redistribution of PLKC). 

 

CHO-GFP CHO-PLKC-YFP

53.2µm57.1µm

 

Figure 33 Morphologic changes in confluent CHO-PLKC-YFP cells 

 

4.3.2 Transepithelial resistance 
One more functional property of an epithelial monolayer is the establishment of a 

distinct transepithelial electrical resistance (TER), which is caused by the formation of 

barriers which are impermeable for charged ions such as sodium, chloride, calcium, 

potassium or magnesium (Claude, 1978).  For the calculation of the TER the 

constant current method is widely used (Rehm et al., 1989). This technique is based 

on Ohm’s law (U = R x I with U = voltage, R = resistance and I = current). The 

potential difference (∆PD) is measured with applied fixed current and the resistance 

is calculated (∆PD / I = R ) 

Proteins of the tight junctions have been shown to be responsible for the correct 

construction of these barriers and misfunction or altered expression of various tight 

junction proteins have been described to affect the tight connection and therefore 

result in altered transepithelial resistance (Madara, 1998). Nevertheless, the proper 

establishment of the adherens junction complexes has been shown to be inevitable 
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for the formation of tight junctions, which occurs later. Derived from this observation, 

the role of some cadherins in indirect inducing and maintaining of tight junctions has 

been proposed (Gumbiner et al., 1988;Contreras et al., 2002). 

In order to explore whether the expression of protocadherin LKC is capable to either 

increase the TER in epithelial cells or established a tight barrier in fibroblasts, MDCK-

PLKC-YFP cells and CHO-PLKC-YFP cells were cultured on polyester filter 

membranes. Wild-type MDCK-II and CHO cells were used as a control. From the first 

day of optical confluence, the TER was daily measured with an EVOM-GTM (world 

precision instruments) and maximum levels (mostly after 8 - 10 days) of three filters 

were averaged. The resistance exhibited by an empty filter (76 ± 1 Ω / cm²) was 

substracted.  
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Figure 34 Transepithelial resistance in MDCK and CHO cells 

MDCK or CHO cells respectively, either stably expressing PLKC-YFP or not were grown on polyester 
filter membranes. The transepithelial resistance was measured on several days after cells reached 
optical confluence. The values were corrected by the intrinsic resistance of the membrane (76 ± 1 Ω / 
cm²). N = 3. 
 

The results shown in Figure 34 clearly indicate that although PLKC is capable to 

induce an epithelial-like morphology of fibroblast-monolayers (CHO-PLKC-YFP), an 

establishment of tight cell-cell contacts which are impermeable for charged ions is 
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not achieved. For both cell line, CHO-GFP and CHO-PLKC-YFP, the TER is rather 

low in contrast to epithelial cell lines such as HT29 or MDCK-II. 

However, when stably expressed in MDCK-II cells, the TER is increased by 70 %: 

109 ± 16 Ω / cm² in case of MDCK-PLKC-YFP cell in comparison to 64 ± 5 Ω / cm² 

measured in MDCK-II monolayers.  

 

4.3.3 Cell proliferation assay  
In order to evaluate potential effects of stable PLKC expression in fibroblasts, the cell 

growth rate was estimated and compared to cell transfected with an empty vector 

(GFP). Therefore, CHO-PLKC-YFP and CHO-GFP cells were trypsinized and seeded 

at low density (1 x 104 cells / cm²) in 24 well plates. The culture medium was daily 

changed during the experiment. Every 24 hours, four wells were trypsinized and 

collected in 1ml medium. Cells were counted in a Thoma chamber and the 

concentration per cm² calculated (1 ml / well = 1.9cm²). Underlining the visual 

impression that growth properties of CHO cells were not affected by PLKC 

transfection, the quantification of the proliferation rate in this assay showed that 

PLKC-expression had not effect on CHO-fibroblast growth. Very similar to the mock-

transfected cells, CHO-PLKC-YFP cells started exponential proliferation after a 24 

hour acclimatization period, which is slowed down 72 hours later. After 6 days in 

culture, cells were overgrown and started detaching from the ground. 

But during the last days, a striking difference is seen between CHO-PLKC-YFP cells 

and CHO-GFP cells. The latter form heaps and incoherent, roundish cells were 

accumulated on top of basal cells like wild-type CHO cells when they were overgown. 

In contrast CHO cells expressing PLKC-YFP form the described epithelial-like 

monolayers and are able to maintain longer anchored to the plate before rounding 

and detaching from the ground. 
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Figure 35 Impact of PLKC on the cell proliferation rate in CHO cells 
CHO-GFP and CHO-PLKC-YFP cells were plated at low density (1 x 104 cells / cm²) in 24 well plates. 
Every 24 hours, 4 wells were trypsinized and the cell concentration was calculated after cell counting 
in a Thoma chamber. N = 4. 
 
 
 

4.3.4 Cell aggregation competency 
The ability to mediate cell adhesion is known from almost all members of the 

cadherin superfamily. Especially classical cadherins like E-cadherin or N-cadherin 

have been proved to facilitate cell-cell aggregation in a calcium dependent fashion.  

Although protocadherins seem to be not strongly linked to the cell cytoskeleton, they 

are capable of inducing cell-cell assembly, too.  

In order to determine the aggregation activity of PLKC, CHO cells were used as a 

model, because in this cell line no cell contact molecules are expressed on the 

plasma membrane, qualifying it as “nude” model for cell-aggregation studies 

(Breviario et al., 1995).  

Therefore, CHO-PLKC-YFP cells were carefully trypsinized and immediately 

collected after detaching from the plates. The cells were resuspended in aggregation 

buffer containing 1 % BSA at a concentration of 5 x 104 / ml and singularized with a 

21 - gauge needle. Finally 0.5 ml cell suspension was seeded in 24 well plates, 

preliminarily coated with 1 % BSA in aggregation buffer. Calcium-chloride (2 mmol / l) 
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was added to the suspension to start calcium-dependent cell aggregation, whereas 

controls were left without calcium or magnesium-chloride instead of calcium was 

added at the same concentration. Cell aggregation was performed for 90 minutes at 

37°C on a rotating shaker (80 rpm). The number of cell aggregates (i.e. 

conglomeration of more than four cells) per well was counted under the microscope. 

As expected, wild type CHO-cells (not shown) and CHO-GFP cells (Figure 36) do not 

show any cell accumulation but remain as a suspension of single cells. Some rare 

complexes (Ø 2.9 per well) are probably induced by debris in the cell suspension.  

Similarly, CHO-PLKC-YFP cells incubated without calcium are not able to attach to 

each other (Ø 3.2 per well), whereas a significantly amount of complexes (Ø 12.7 per 

well) was observed after addition of calcium.  

Moreover, this behaviour is clearly calcium-specific, since addition of magnesium 

instead of calcium elicited no induction of aggregates formation (data not shown). 

 

To further explore the role of the actin cytoskeleton in cell aggregation, CHO-PLKC-

YFP cells were treated with cytochalasin D at 1 µg / ml for different time intervals (2, 

4, 6, 8, 12 and 16 hours). But as seen in Figure 36 (bar 4, Ø 11.5 aggregates per well 

after 8 hours incubation), any significant difference in the formation of cell-cell 

contacts was found, leading to the conclusion that cell aggregation capability is not, 

or at least not directly, depending on establishment of the actin cytoskeleton. 
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Figure 36 Cell aggregation assay 
CHO-PLKC-YFP and CHO-GFP cells were trypsinized and centrifuged. Pelleted cells were resolved in 
HEPES buffered Hanks’ Balanced Salt Solution (HHBSS) without Ca2+ and Mg2+. After a washing 
step, the cells were resuspended in the reaction buffer, consisting of HHBSS and 1 % BSA. Cells were 
adjusted to an amount of 5 x 104 / ml. To obtain a single cell suspension, the solution was passed 
several times through a 21-gauge needle. 0.5 ml cell suspension was seeded in 24 well plates. 
Calcium-chloride (2 mM / l) was added (not in case of bar 3). Cells were then incubated for 90 minutes 
at 37°C on a rotating shaker (80 rpm). Finally, aggregation was stopped with 5 % paraformaldehyde 
and the amount of cell aggregates per well was counted under the microscope. N = 24. Above: light 
microscope snapshots of aggregated cells and control samples. 
 
 

Finally, two other cadherins of the classical type were also tested to relativize the 

intensity of cell aggregation efficiency: E-cadherin and N-cadherin, both tagged with 

GFP, were stably expressed in CHO cells and the assay was repeated using CHO-

PLKC-YFP, CHO-N-cadherin-GFP and CHO-E-cadherin-GFP. 

The results shown in Figure 37 demonstrate that E-cadherin exhibits an only slightly 

stronger aggregation activity (Ø 14.2 aggregates / well) than PLKC (Ø 11.8 / well). 
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Surprisingly, CHO cells transfected with N-cadherin showed a weaker aggregation 

capacity than PLKC (- 17 %). This approach, however, is only semi-quantitative and 

the results will be verified by performing exact coulter-counter-based measurements. 

In fact, these findings are in contrast to studies of other cadherins of the 

protocadherin type, as in general the competency of protocadherins to mediate cell-

cell aggregation is assumed to be considerably weaker than the activity exhibited by 

cadherins of the classical type. 
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Figure 37 Aggregation capacity of PLKC in  
comparison to cadherins of the classical type 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

CHO-PLKC-YFP, CHO-E-cadherin-GFP and CHO-N-cadherin cells 
were processed for aggregation assay as described above. N = 24. 
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4.3.5 Knocking down PLKC by small interfering RNA 
The physiological role of PLKC in vitro was further investigated by using the small 

interfering RNA (siRNA) approach to decrease the PLKC protein endogenously 

expressed in MDCK-II cells. By this technique, the target mRNA can be selectively 

cleaved by siRNA molecules that have been introduced by transfection into the cells. 

In this experiment, the single MDCK-II cells were transfected by microinjecting. 

For detection of injected cells, a marker dye (ALEXA) was loaded together with the 

siRNA and later visualized using fluorescence microscopy. 

Various concentrations of siRNA were tested as well as different differentiation 

stages and time intervals after injection. The latter one was the most challenging 

object, as PLKC was shown to exhibit a rather long half-life period (cp. 4.2.8). 

Therefore it is impossible to achieve a total knock-out as the siRNA system only 

blocks new synthesis of molecules. Proteins which are already processed will still be 

present on the cell surface. It has been estimated that siRNA molecules are active for 

about 24 hours and therefore only a small time-frame to elucidate the effects of an 

efficient decrement is left. The best silencing effect was obtained 60-72 hours after 

microinjection of siRNA cassettes in small islands at a concentration of 20 pmol / µl. 

The shape of the cells and particularly the regions of cell contact were examined 

under a light microscope. 

Among the 87 cells analysed 60 - 72 hours after injection, 23 showed no effect of 

knocking down PLKC, perhaps due to rapid degradation of siRNA or compensation 

of protein function by other adhesion molecules. The remaining cells cells changed 

their morphology to a certain extent with some variability: 47 out of them exhibited 

moderate modifications of cellular shape and structure, whereas the remaining 17 

cells were severely affected, as depicted in Figure 38. As a control, MDCK-II cells 

were also injected with a non related siRNA. In this case, 45 successful injections 

were performed without observation of considerable morphological changes. 

As a general observation it can be reported that cells showing significant changes in 

their morphology also lost the typical look of confluent MDCK cells, which are 

normally rhomboid-roundish or quadratic, and strictly separated from neighbouring 

cells (white arrow). In contrast, following injection with PLKC-specific siRNA, the cells 
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became polygonal with extensions and started to overgrow their neighbouring cells 

(white arrow). 
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Figure 38 Alteration of cellular shape after siRNA injection in MDCK-II cells 
MDCK-II cells were cultured at low density and injected with anti-PLKC siRNA or a nonsense knock-
out siRNA (mock).  Pictures were taken from 12 - 90 hours after injection. White arrow: sites of 
(altered) cell-cell contacts. 
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4.4 Influence of different domains on transport and function of 
PLKC 

 

4.4.1 Deletion of extracellular cadherin repeats 
The extracellular domain of PLKC consists of seven so called “cadherin repeats” (cp. 

Introduction), which are highly conserved amino acid sequences expressed in all 

variants of the cadherin superfamily. It has been extensively shown that these motifs 

play a crucial role in protein transport, folding and function. One more aim of this 

study was therefore to determine the effect of deletion of individual cadherin repeats 

on the mentioned protein properties. Thus, seven plasmids were constrcuted, in 

which the single cadherin repeats were repleaced by a spacer of six glycines.  

Therefore the pEYFP-PLKC construct was used as a template for “loop-out” 

mutagenesis PCR reactions. The strategy is based on the ability of the primers of 

annealing to both a complementary sequence upstream and a complementary 

sequence downstream the target repeat, which was substituted with a nucleotide 

sequence coding the six-glycine spacer (for more detailed information see 3.2.2.9 

Construction of domain deletion mutants). The constructs obtained were termed 

pEYFP-PLKC∆1-7 numbered from the 5’ end and following the open reading frame. 

Correct deletion of each repeat was verified by restriction analysis using the enzymes 

listed in  

Table 6, which resulted in the itemized fragments. 

 

construct enzyme(s) used 
 

resulting fragments 
(control) in bp 

 

 

resulting fragment  
in bp 

pEYFP-PLKC∆1 NheI + KpnII 

 

5250 
2828 
  350 
 

5250 
2828 
  574 

pEYFP-PLKC∆2 BamHI 

 

5242 
1824 
1060 
  528 
 

6302 
1824 
 
  528 

pEYFP-PLKC∆3 PstI 

 

4950 
1437 
  777 
  607 
  485 

4950 
1437 
  777 
  607 
  601 
  125 
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  125 
  116 
  115 
    42 
 

   
  115 
    42 

pEYFP-PLKC∆4 BamHI 

 

5242 
1824 
1060 
  528 
 

 

5242 
1824 
1588 
    
 

pEYFP-PLKC∆5 ApaI  

 

5943 
1339 
  709 
  663 
 

 

5943 
2048 
  
  663 
 

pEYFP-PLKC∆6 BamHI 

 

5242 
1824 
1060 
  528 
 

 

5242 
2352 
1060 
    
 

pEYFP-PLKC∆7 BstEII 

 

7036 
1518 
    99 
 

 

8554 
  
    99 
 

 

Table 6 Restriction analysis of cadherin-motif-deletion constructs 

 

For a first screening of possible effects caused by deletion of different cadherin-

motifs, the mutants were transfected into COS-1 cells and their intracellular 

distribution was scanned by confocal analysis.  

Only the PLKC∆1 mutant showed a significant difference with respect to the wild type 

(Figure 39). Here, the modified protein, bearing the deletion of the first cadherin 

motif, localized immediately after the signal sequence, is retained in the ER and can 

reach neither the cell surface nor the Golgi compartment. Compartment localization 

was confirmed using an ER marker and results were compared with the distribution 

of wild type PLKC (cp. Figure 8). A nearly complete co-localization with the ER 

marker was found, demonstrating that PLKC∆1 is indeed blocked in the ER and not 

capable to be further processed. 

The other constructs (PLKC∆2-∆7) showed more or less the same distribution pattern 

as the full-length protein (cp. Figure 8). 
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Figure 39 Expression of PLKC∆1 in COS-1 cells 
COS-1 cells were co-transfected with PLKC∆1-YFP and ER-dsRed as a marker for the endoplasmic 
reticulum. 48 hours after transfection subcellular distribution was analysed using confocal microscopy.  
 

Additionally, expression of the PLKC mutants was evaluated also biochemically by 

immunoprecipitation (Figure 40). Although the relative proportion between the two 

glycoforms is different, both a mannose rich and a complex glycosylated form are 

synthesized in the case of PLKC∆2-5 and PLKC∆7, similarly to the wild type PLKC. 

However, the mannose rich form in the mutants is represented as a band that is 

much stronger than the mature protein. These findings reflect a slower processing of 

the proteins out of the ER through the Golgi and to the cell surface. In fact, proteins 

could be reasonable retained longer in the ER because of an impaired folding, due to 

the absence of one single motif of cadherin repeats causing alterations in the 

secondary structure.  

In accordance with the confocal data, PLKC∆1 is exclusively expressed as mannose 

rich precursor protein (lane 1). It represents the unprocessed polypeptide precursor 

retained completely in the ER and therefore fully sensitive to endo H (lane 2), due to 

the absence of complex glycans. 

The PLKC∆6 mutant, displaying a distribution very similar to the wild type in a steady 

state situation (see the fluorescence analyses), is however transported much slower 
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also than the other mutants, when analysed after biosynthetic labelling. Compared 

with the wild type (lanes 15 and 16), the mannose rich form is predominant, whereas 

the complex form results in a very faint band (lane 11 and 12).  
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Figure 40 Immunoprecipitation of cadherin motif deletion mutants in COS-1 cells 
COS-1 cells were transiently transfected with either wild type PLKC (lane 15 and 16) or the clones 
PLKC∆1-7 lacking single cadherin repeats. 40 hours later, cells were radioactively labeled with [35S] 
methionine for 6 hours. After cell lyses, PLKC-mutants were immunoprecipitated using mAb anti-GFP. 
Beads were treated with endo H (+) or not (-).  
 

 

To explore the behaviour of the mutant PLKC∆6 in more detail, CHO and MDCK-2 

cells were stably transfected with the construct PLKC∆6-YFP. The transport kinetic 

and the intracellular distribution of the mutant PLKC∆6 were analysed by biochemical 

assays and laser confocal microscopy, respectively.  

In pulse chase experiments, cells were labelled either for 15 minutes ( 

Figure 41A) or for 2.5 hours ( 

Figure 41B) and chased for different time intervals. In both cell systems, i.e. MDCK 

and CHO cells (not shown), the PLKC∆6 protein is obviously processed very slow. In 

fact, the complex glycosylated form appears not after 18 hours of chase, in 

comparison with the 15-30 minutes observed in the presence of the wild type. The 

band relative to the mannose rich form persists also after 24 hours of chase.  
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Figure 41 Pulse chase analysis of PLKC∆6-YFP in MDCK-II cells 
MDCK- PLKC ∆6-YFP cells were labeled for 15 minutes (A) or 2,5 hours (B) with [35S] methionine and 
subsequently chased with non radioactive culture medium for the indicated times.  
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Similar results were obtained using CHO-PLKC∆6-YFP cells in pulse-chase 

experiments. Next, the intracellular distribution of PLKC∆6 in MDCK-II and CHO cells 

were examined also by confocal laser microscopy. The results are in line with the first 

screening experiments performed in COS-1 cells, because the subcellular distribution 

is in both cell types (MDCK-II and CHO-cells) not significantly altered in comparison 

to wild type PLKC (data not shown). In MDCK-II cells a distinct amount of protein is 

still present on the apical cell surface and there is also a strong labelling of the 

intercellular cell-contact compartment. 

Taken together, it can be stated that the first cadherin repeat plays a crucial role in 

protein transport and a deletion of this domain is linked with transport incompetence 

and retainment in the ER. PLKC∆6 is transport competent and able to reach the 

apical cell surface, but the trafficking of the protein is significantly decreased. 

Therefore, a deletion of this repeat causes some modification either by deletion of 

additional sorting signals or by some alteration of protein folding and tertiary 

structure. 

 

 

4.4.2 Role of the PDZ-binding site in transport and subcellular 
distribution 

The short cytoplasmic tail of PLKC comprehends a so called “PDZ” binding site, 

constituted by the TTDL motif (threonine - threonine - aspartic acid - leucine), that is 

recognized by the PDZ motif of proteins like PSD-95, Dlg and ZO-1. 

It has been shown that many proteins containing the PDZ-binding motif are efficiently 

sorted to the tight junctions and bind to ZO-1 or other proteins expressed in this 

compartment. Deletion of the PDZ-binding-site results in the loss of the efficient 

sorting of various proteins (Hurd et al., 2003;Kausalya et al., 2001;Ebnet et al., 

2000). 

To test whether this is also the case for the PLKC protein, the TTDL motif was 

deleted by loop-out mutagenesis PCR. The resulting pEYFP-PLKC∆PDZ plasmid 

was then stably expressed in MDCK-II cells and its sorting behaviour analysed by 

both biochemical and confocal microscope analysis. 
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When compared with wild type PLKC (Figure 10), no significant differences in the 

transport and subcellular distribution were highlighted. The protein is mainly 

expressed on the apical cell surface (white arrow) and at sites of lateral cell-cell 

contacts (red arrow) (Figure 42). 

Moreover, pulse chase experiments with PLKC lacking the PDZ-binding-motif 

demonstrated that the mutant is transported with the same trafficking rate than the 

wild type (data not shown).  
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Figure 42 Expression of PLKC∆PDZ in MDCK-II cells. 

 
 

4.4.3 Deletion of the cytoplasmic tail  
To elucidate whether the cytoplasmic tail contains other potential sorting signals but 

the PDZ-binding motif, the same loop-out PCR-approach was used to create the 

plasmid pEYFP-PLKC∆Cyt, encoding for a mutated protein PLKC∆Cyt lacking the 

134 intracellular amino acids. A spacer of six glycines residues between the 

transmembrane domain and the YFP-tag was introduced to make sure that the 

fluorescent protein does not interfere with the correct integration of the polypeptide 

into the membrane lipid bilayer.  

The modified protein was analyzed by transient transfection in COS-1 cells and 

stable expression in MDCK-II and CHO cells. Surprisingly, according to the first 

biochemical data (Figure 43) the mutated protein was still transport-competent and 
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processed correctly into a mannose rich and a complex glycosylated form (lane 1) in 

the same pattern as wild type PLKC (lane 2). This is indicative of a proper 

glycosylation and correct transport kinetics at least to the level of the trans-golgi 

compartment.  
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Figure 43 Biochemical analysis of PLKC∆Cyt in MDCK-II cells 

 
 
Nevertheless, confocal scans revealed a dramatic difference in the intracellular 

localization of PLKC∆Cyt with respect to the wild type (Figure 44). In stably 

transfected MDCK-II cells, PLKC∆Cyt only randomly reaches the cell surface (white 

arrow), but most molecules accumulate in huge aggregates (blue arrow) in regions 

nearby the nucleus, probably belonging to the golgi apparatus. Some staining is also 

displayed on the basolateral membrane and in correspondence of a few vesicles and 

filament-like structures (red arrow). No staining was observed in the lateral cell-cell 

contact sites (white rectangle, zoomed in). Here, gaps separating the aggregates in 

the cell bodies are visible, presumably representing the unlabeled plasma membrane 

between two cells (white arrows).  
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These observations are confirmed by XZ-section scans, where a fluorescent signal is 

spotted all over the cell and the basal membrane is targeted by PLKC∆Cyt to a 

similar extent as the apical cell surface.  
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Figure 44 Subcellular distribution of PLKC∆Cyt in MDCK-II cells 

 
 
In order to discriminate between apical or basolateral targeting of PLKC lacking the 

cytosolic domain, transfected MDCK cells were grown on transwell-filters and a 

compartment cell surface biotinylation was applied as described previously (cp. 4.2.3 

Compartment cell surface biotinylation). PLKC∆Cyt was thereby detected almost 

equally in both compartments (Figure 45), on the apical membrane (lane 1) as well 

as on the basal membrane (lane 2). Quantification of the intensity of the bands, 

related to the radioactive signal (lane 3 and 4 respectively), revealed a virtually equal 

strength of both signals (46.2% apical and 53.8% basal). This emphasizes the 

confocal findings, which showed that PLKC lacking the cytoplasmic tail is indeed still 

transport competent, but reaches the plasma membrane with a lower efficiency. 

Moreover, the sorting fidelity is abandoned, resulting in a random delivery to both cell 

membrane domains.  
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It is however clear that this mutant does not reach the cell-cell contact sites, leading 

to the conclusion that the cytoplasmic domain must be crucial for the correct 

targeting of PLKC to that domain. 

Nevertheless, as possible sorting signal responsible for this function, the PDZ binding 

motif can be excluded, based on the previously reported observations.  
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Figure 45 Compartment cell surface biotinylation of PLKC∆Cyt 
MDCK-PLKC∆Cyt-YFP cells were grown on filter until confluence and pulsed for 6 hours. Cell-surface 
proteins, either of the apical chamber (apical) or the basal compartment (basal), were labeled with 
Biotin-NHS for 30 minutes on ice prior to lysis and immunoprecipitation of PLKC∆Cyt-YFP with mAb 
anti-GFP. Proteins were dissolved on small 5 % SDS-PAGE slab gels and subsequently a western 
blot using streptavidin coupled to horseradish peroxidase was performed to detect biotin-tagged 
PLKC∆Cyt-YFP (A). Radioactive labeled protein (right panel) was used as control and for calculation 
of the ratio of biotinylated protein. Intensity of the bands was quantified using Biorad QuantityOne 
system (B), n = 3. 
 
 

Finally, the impact of the cytosolic domain on the association with lipid microdomains 

was assessed using the detergent Triton X-100 as described before (cp.4.2.11 

Association with lipid microdomains). 

The results (Figure 46) clearly demonstrate, that the deletion of the intracellular 

region of PLKC abolishes the association with detergent insoluble microdomains 

completely. Both glycoisoforms, the mannose-rich precursor polypeptide and the 

complex glycosylated mature protein are detectable in the supernatant, 
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corresponding to the solubilized fraction. In contrast, in the pellet only a faint band 

representing the mannose-rich form can be observed. 

 

Triton X-100
p         s

PLKC∆Cytc

PLKC∆Cyth

195kDa

155kDa

 

Figure 46 Association of PLKC∆Cyt with lipid microdomains 
Confluent MDCK-PLKC∆Cyt-YFP cells were continously labeled for 6 hours with [35S] methionine. 
Subsequently the cells were rinsed twice with ice-cold PBS and solubilized using 1 % Triton X-100 in 
25 mM Tris-HCl pH 8.0, 50 mM NaCl for 12 hours over night. After separation of cell debris by 
centrifugation at 1,500 x g for 15 minutes, the supernatant was processed by ultra-centrifugation at 
100,000 x g for 90 minutes at 4°C. The supernatant (s) was subjected to immunoprecipitation with 
mAb anti-GFP. The pellet was boiled in 200 µl 1 % SDS for 5 minutes, diluted with standard lysis 
buffer up to 1 ml and PLKC∆Cyt-YFP was immunoprecipitated (p). 
 

 

4.4.4 Deletion of the transmembrane domain 
Protocadherin LKC is a type I membrane protein, with a hydrophobic stretch 

spanning the amino acids 1152 to 1176 which anchors the molecule in the plasma 

membrane. 

The correct integration into the lipid bilayer of the plasma membrane has been shown 

to be an important requirement in transport and folding of many proteins (cp. 5.2.3 

The transmembrane domain) and chimeric mutants lacking the transmembrane 

domain were found to be drastically altered in sorting as well as functional and 

structural features. This is particularly evident in proteins involved in cellular 

adhesion. Based on this consideration, also the role of the PLKC-transmembrane 

domain was investigated. To this, the region comprised between amino acids 1152 

and 1176 of PLKC was deleted by loop-out mutagenesis PCR and replaced by six 
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glycines. The corresponding protein, PLKC∆TM-YFP was then introduced in MDCK-II 

cells and analyzed biochemically as well as by confocal laser microscopy. 

By the latter one (Figure 47, with staining of actin cytoskeleton), vesicular structures 

around the nucleus can be spotted, whereas no molecules can be seen on the cell 

surface or in the regions of cell-cell contacts. Moreover, the intense association with 

the actin filaments, demonstrated for wild type PLKC (cp. 4.2.5 Association with the 

actin cytoskeleton) is vanished and no filamentous structures are formed. In XZ-

section scans (not shown), only vague spots in the cell body are detected.  

 

16µm

PLKC∆TM-YFP

Phalloidin

merge

 

Figure 47 Confocal analysis of MDCK-PLKC∆TM-YFP cells 

 

Finally, in advanced protein studies PLKC∆TM-YFP was also tested for distribution in  

the already described filter model, representing an epithelial monolayer with an apical 

and basal compartment. MDCK- PLKC∆TM-YFP cells were grown on filter until five 

days after confluence and biosynthetically labeled with [35S] methionine for 8 hours. 

PLKC∆TM-YFP was immunoprecipitated from both the apical / basolateral media and 

the total cellular lysate The bands shown in Figure 48 strongly support the 

observations made in cell imaging. In the cell lysate mainly the ER-resident mannose 

rich form (PLKC∆TMh) is predominant whereas the complex glycosylated protein 
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(PLKC∆TMc) is detectable only as a faint band. Immunoprecipitation of secreted 

proteins in the supernatant medium revealed that the mature form of about 210 kDa 

is almost exclusively released from the apical cell surface (ap) whereas the basal 

compartment is devoid of PLKC∆TM (ba). 

This evidence demonstrates that the protocadherin LKC, lacking the transmembrane 

region, is still transported very efficiently to the apical membrane, from where it is 

secreted into the medium due to the absence of the membrane-anchor. The faint 210 

kDa - band in the cell lysate corresponds presumably to the complex glycosylated 

protein fraction, which is probably located in medial and trans-golgi compartments 

and in secretory vesicles. The weak intensity of this form, together with the very high 

amount found in the secreted fraction, leads to speculate that PLKC∆TM is 

processed as quickly as the wild-type 

 

lys ap ba

MDCK-
PLKC∆TM
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210kDa
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Figure 48 Processing of PLKC∆TM-YFP 

 
 

 
 
 
 
Because various membrane anchored proteins have been proved to be included into 

rafts by means of their membrane spanning domains, the association of the anchor 

lacking form of PLKC with Triton X-100 insoluble lipid microdomains was 

investigated.   

MDCK-PLKC∆TM-YFP cells were grown on filter until five days 
after confluence and biosynthetically labeled for 8 hours with [35S] 
methionine. Cell lysates (first lane) and supernatant from the apical 
compartment (second lane) and the basal compartment (third lane) 
was immunoprecipitated with anti-GFP.
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The result is in line with observation of other glycoproteins such as sucrase 

isomaltase (Jacob et al., 2000) as no mature protein was detected in the detergent 

insoluble fraction (lane 1, p). In contrast, a strong band corresponding to the 

mannose-rich precursor protein and a faint band of the complex glycosylated form 

was detected in the supernatant, which contained proteins solubilized by Triton X-

100. The latter band is rather weak because most PLKC∆TM molecules are quickly 

secreted into the culture medium as explained before. 

Therefore it can be concluded that PLKC lacking the transmembrane domain is not 

included into lipid rafts.  

 

Triton X-100
p         s

PLKC∆TMc

PLKC∆TMh

210kDa
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Figure 49 Rafts preparation of MDCK-PLKC∆TM-YFP cells 
Confluent MDCK-PLKC∆TM-YFP cells  were  continously  labeled for 6  
hours with [35S] methionine and  the  Triton X-100  resistant lipid micro- 
domains were isolated as described above.  

 
 

 

 

 

 

 

 



RESULTS 

 

 128

4.5 2D - PAGE analysis of potential intracellular interaction 
partners of PLKC 

It has been already described by Okazaki et al. (2003) that protocadherin LKC 

probably interacts with the human homologue of mouse MAST205. Beside this 

protein, no molecules are known to bind or associate with PLKC in order to induce 

intracellular signalling or linkage to components of the cytoskeleton. As mentioned 

before (cp. 2.4.2 Protocadherin signaling), little is known about possible 

protocadherin signalling pathways or adaptor molecules which might facilitate 

discrete function in cell adhesion as well as in development and morphologic 

modulation. 

Therefore an approach for screening for cytosolic proteins binding to the intracellular 

domain of PLKC was established. Immunoprecipitated full-length protocadherin 

PLKC was compared with a truncated form lacking the cytoplasmic tail in a two-

dimensional polyacrylamide gel electrophoresis system. Proteins which have been 

attached to the cytoplasmic tail of PLKC were separated according to their isoelectric 

point (IP) as well as their molecular mass (details of the technique are given in 3. 

Materials and Methods). 
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Figure 50 Two dimensional SDS-PAGE seperation of PLKC and PLKC∆Cyt 
MDCK-PLKC-YFP and MDCK-PLKC∆Cyt-YFP cells respectively were cultured until several days after 
confluence and lysed with standard lysis buffer as described before. After immunoprecipitation of 
PLKC or PLKC∆Cyt with mAb anti-GFP, the PAS-beads containing precipitated proteins were boiled 
for five minutes with 300 µl of 1 % SDS and PAS beads were spun down. Subsequently, the 
supernatant containing immunoprecipitated proteins was further processed by addition of 10 mg 
bovine serum albumin and a threefold volume of 96 % ethanol. The samples were incubated over 
night at -20°C following centrifugation of precipitated proteins which were then seperated by two-
dimensional polyacrylamide gel electrophoresis with a pH range of 3 – 10 and 12% slab gels. Finally, 
the proteins were stained with silver. 
 

 

On the silver stained gel shown in Figure 50 several spots can be identified to be 

differentially expressed in co-precipitated protein samples of PLKC wild type (left half 

of the gel) and PLKC∆Cyt (right half of the gel). After scanning and rastering of the 

gels, the spots were analyzed by in silico studies searching databases in the internet. 

According to the estimated molecular mass and isoelctric point, it was possible to 
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assign most of the spots which exclusively appear in the co-immunoprecipitate of full-

length PLKC a corresponding protein, which is listed in table 7. 

 

 

Spot 
Nr. 

IP 
(pH) 

 

Molecular 
mass 

(in kDa) 

Protein identification 

1 5.72 43.19 guanine nucleotide binding protein α11 

2 6.12 43.57 dual specificity mitogen-activated protein kinase 1 

3 6.69 43.67 cellular tumor antigen p53 

4 8.47 27.77 gap junction protein connexin 30 

5 8.82 27.66 GTP binding protein SAR1b 

6 5.62 24.67 C-reactive protein precursor 

7 5.55 23.18 heterochromatin protein 1α 

8 5.61 22.21 ferritin heavy chain 

9 5.44 17.04 mitochondrial NADH-ubiquinone oxidoreductase 

10 5.49 16.42 aggrus/T1α 

11 4.55 15.51 AMBP protein precursor light chain 
 

table 7 Identification of differentially precipitated proteins by in silico analysis 
(proteins of greater interest are marked in bold) 
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5 Discussion 

5.1 Markers of polarization are upregulated during cell 
differentiation 

A certain increase in the expression distinct protein markers in (epithelial) cells 

contributes to selective homotypic cell sorting, leading to a formation of a tissue 

specific pattern of cells which exhibit the same histogenetic origin. Basically, this 

phenomenon was already described in 1955 (Townes and Holtfretter, 1955).  

From the presented data it can be clearly concluded, that the expression of 

protocadherin LKC on mRNA level is significantly upregulated upon cell-cell contacts 

and reaches its maximum in polarized monolayers a couple of days after confluence. 

Similar results are already published about T-cadherin. T (for truncated)-cadherin, is 

not assigned to the protocadherin subgroup but classified as an “intermediate” 

cadherin. It lacks an intracellular tail and transmembrane domain. Instead it is linked 

to the membrane by a glycosylphosphatidylinositol anchor (Kuzmenko et al., 1998). 

In this study, protein concentration was determined to increase 1.3 fold upon cell 

polarization. The authors propose that T-cadherin may function as a negative 

determinant of cell growth. Yet they were not able to define an intracellular signalling 

pathway which is capable to mediate the adhesion signal enforced by T-cadherin. 

 

Together with the striking redistribution towards sites of cell-cell contacts, an 

expression pattern of PLKC specific to the state of cell development must be 

assumed. This hints at a potential role in cell differentiation respectively cell-cell 

contact inhibition as it was already supposed previously  (Okazaki et al., 2003). In 

this work, a potential tumor suppressor activity of PLKC was shown using a cell 

culture model (HCT116), derived from colon carcinoma, which does not express 

endogenous protocadherin LKC or other members of the cadherin family. After 

transfection with PLKC-GFP, the prior heap-like morphology of cell colonies changed 

in an orderly closed monolayer. These in vitro results were underlined by in vivo 

experiments, in which the group inoculated subcutaneously HCT116 cells stably 
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expressing PLKC or not in mice. In all cases of untransfected cells carcinoma were 

formed, whereas a remarkably high amount of HCT116-PLKC cells underwent 

degradation or at least stopped tumorous expansion.  Finally, a significant down-

regulation of protocadherin PLKC-mRNA in colon and liver cancer specimens was 

found by northern blot analysis.  

Likewise, T-cadherin mRNA is absent or reduced in cancer specimens from sporadic 

breast, lung, liver and prostate cancer. Introduction of T-cadherin cDNA in human 

breast carcinoma cell lines was able to inhibit tumor cell growth (Lee, 1996). In an 

advanced study, the mechanism of astrocytoma growth regulation was described 

more detailed (Huang et al., 2003): T-cadherin mediates a p53-independent G2 

phase arrest by p21CIP1/WAF1 expression and not on by p27Kip1 as cadherins of the 

classic type are supposed to. 

Two of the best described classic cadherins, E-cadherin and N-cadherin, have also 

been reported to be down-regulated in several cancers like breast, lung, gastric and 

liver cancer (Berx and van Roy, 2001;Bremnes et al., 2002). Furthermore, 

reintroduction of E-cadherin into highly invasive tumor cell lines was indeed capable 

to suppress both, invasion and growth (Vleminckx et al., 1991).  

The implication of N- and E-cadherin in pathogenesis and their role in growth 

regulation is mediated by binding to catenins (Gottardi and Gumbiner, 2001), up-

regulation of p27Kip1, a cyclin-dependent kinase inhibitor (St Croix et al., 

1998;Levenberg et al., 1999) and by modulation of Wnt signalling (Sasaki et al., 

2000).  

But not all cadherins behave in this way: as mentioned above, T-cadherin, lacking a 

cytoplasmic tail, transfers cell-adhesion signals in a different way and also many 

protocadherins may differ from the signalling scheme of classical cadherins. 

Taken together expression levels of the described members of the cadherin 

superfamily, including PLKC may be of use as prognostic markers in cancer 

development. E-cadherin e.g. is seen as a poor prognostic feature in lung cancer. 

Several members of the cadherin superfamily – no matter if they belong to the 

classical type or to the protocadherin – have been proved in vitro and in vivo to inhibit 

tumor growth and to mediate cell cycle arrest in malignant degenerated cells. 
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5.2 Subcellular distribution of PLKC and other cadherins 

Surprisingly, protocadherin LKC is only partly recruited to the lateral membrane, 

where cell-cell contact signalling and growth inhibition can be modulated. Instead, 

most molecules are sorted with a high fidelity to the apical membrane. This behaviour 

is in contrast to other cadherins like E-cadherin or N-cadherin, both known to be 

exclusively expressed in regions of the adherens junctions (Amerongen et al., 1989), 

which means on the basolateral domain. Additionally, as shown in Figure 13 

protocadherin LKC does not colocalize with E-cadherin in the adherens junctions but 

rather more apical to and beside from E-cadherin staining. Nevertheless, both 

adhesion molecules are redirected upon cell-cell contact induction. E-cadherin is 

recruited within minutes after induction of calcium dependent cell adhesion from the 

cell body to sites of cell-cell contacts (Shore and Nelson, 1991;Adams et al., 1996). 

Similarly, PLKC is expressed predominately in the cell-cell contact sites in a closed 

monolayer, whereas in single cells an overall distribution is seen (cp. Figure 10). But 

when cell contacts were broken by depletion of extracellular calcium with EGTA 

PLKC is - unlike E-cadherin - not redistributed throughout the cell but remains on the 

cell surface membrane (cp. Figure 18), indicating that its dependence on calcium 

ions is not as distinctive as it is the case with E-cadherin or other classical cadherins.  

One more analogy is the presence of both proteins in cell protrusions. E-cadherin 

has been demonstrated in CHO-cells to be clustered in sites of cell-cell contacts as 

well as in tips of occasional filopodia forming adhesive interfaces (Kovacs et al., 

2002b). Moreover, polymerization of F-actin, which is assumed to drive forward cell-

cell contacts and morphological changes during polarization, has been found to be 

enhanced in sites of E-cadherin stained protrusions. Similar, protocadherin LKC is 

able in all cell types tested to induce filopodia like structures and often co-localizes at 

the leading edges with actin (cp. Figure 9). These lamellipodia containing E-cadherin 

are proposed to determine the first contact sites of and further expansion of adherens 

junctions. For both proteins, this phenomen was blocked by inhibition of actin 

polymerization with cytochalasin D, indicating that one process is mediated by the 

other. 
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Vascular endothelial (VE) -cadherin, one more cadherin of the classical type, has 

been described to be capable to induce filopodial cell margin protrusions similar to E-

cadherin, too (Kouklis et al., 2003).  

The targeting of E-cadherin to the basolateral membrane is well investigated: The 

Rho GTPases Cdc42 and Rac1, involved in exocytic trafficking of various proteins, 

have been demonstrated recently to facilitate post-golgi transport of E-cadherin to the 

basolateral membrane (Wang et al., 2005). The same group was also able to show 

that correct trafficking of E-cadherin is mediated by a dileucine motif in the 

juxtamembrane tail domain and that a mutant lacking this motif is mistargeted to the 

apical membrane in MDCK-II cells (Miranda et al., 2001). Unfortunately, in silico 

studies with protocadherin LKC did not reveal any sorting signals published so far in 

the databases.  

VE-cadherin is similar to E-cadherin predominately expressed in the adherens 

junctions, whereas N-cadherin is in the same endothelial cell lines spread over the 

whole cell. Interestingly, cotransfection experiments in CHO cells showed that VE-

cadherin is able to displace N-cadherin, indicating that different cadherins may 

compete for binding partners in sites of cell-cell contacts (Kowalczyk et al., 1998). 

The authors propose that these two cadherins play different roles in the endothelium: 

VE-cadherin facilitates a homotypic interaction between endothelial cells, whereas N-

cadherin anchors the cells to the surrounding cell types expressing N-cadherin such 

as vascular smooth muscle cells or pericytes. 

A later discovered protocadherin in endothelial cells, termed vascular endothelial 

cadherin 2 (VE-cad-2) is localized at intercellular contacts as well (Telo' et al., 1998), 

but in a more irregular pattern.  

In contrast, rat µ-protocadherin, which is described to be involved in kidney and lung 

epithelia development, is localized on the basal and lateral membrane (Goldberg et 

al., 2000). Therefore an interaction with the extracellular matrix was supposed but yet 

exact binding partners failed to be identified. Surprisingly, the human ortholog 

MUCDHL is exclusively sorted to the apical membrane by interaction of its 

extracellular, N-terminal domain (Goldberg et al., 2002).  Furthermore, the described 
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protocadherin is redirected to the apical membrane in a similar fashion as PLKC 

when cells develop a polarized state. 

T-cadherin, a GPI-anchored cadherin of the intermediate type already mentioned 

above (cp. 5.1) is also found predominantly on the apical membrane (93% to 7% on 

the basal cell surface). Its highest concentration in enterocytes of the intestine brush 

border is noticed at the apical membrane of cells expressed at the apex of the villi, 

whereas cells located in the basal crypt express less amount of protein.  

Finally, the human peptide transporter-1 exhibits four extracellular cadherin motifs 

and is therefore assigned to the cadherin family, too. It is transported to the apical 

surface (Dantzig et al., 1994) where it facilitates in a proton dependent fashion the 

oral absorption not only of peptides but also of many peptide based drugs, e.g. beta-

lactam antibiotics or angiotensin-converting enzyme inhibitors from the intestine 

lumen.  

 

The cited examples underline the heterogeneity in expression and function of 

cadherins in general and especially of the protocadherin subgroup. 

Like classical cadherins, most protocadherins are predominately expressed at sites 

of cell-cell contacts, either at the lateral domain (VE-cadherin 2, rat µ-protocadherin) 

or in the synaptic junction (α-, β- and γ-protocadherins expressed in the brain). 

However, the apical localization of several protocadherins may hint at an additional 

role of these molecules beside the mediation of cell-cell contact signalling, which is 

assigned to cadherins of the classic type. One possible implication could be a 

receptor like function in cell recognition or mediation of extracellular signals as was 

already suggested by some authors (Koller and Ranscht, 1996).  

One milestone in this regard was the recovering of protocadherin ret binding the glial 

cell line derived neurotrophic factor (GDNF) in a complex with GDNF-family-receptor-

α1 (GFRα1) (Anders et al., 2001). Ret is an untypical tyrosine kinase receptor, 

because it lacks leucine repeats, immunoglobulin- and fibronectin-like domains but 

instead it exhibits a single extracellular cadherin repeat. Furthermore, the specific 

binding to GDNF has been proved to be calcium dependent. Mutations in the gene of 

ret, inherited in a dominant pattern, result in death of neurons in distal segments of 
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the enteric nervous system and colon aganglionosis, phenotypes described as 

“Hirschsprung’s –disease” (Carlomagno et al., 1996).  

 

But still more potential interacting partners especially of (proto-) cadherins expressed 

in the epithelia remain to be identified. Proteins of several compartments should be 

considered in this regard: first, molecules localized in the extracellular matrix like 

collagen, laminin or fibrinogen. Interactions with these components are already well 

explored in case of the integrin family, consisting of 24 distinct members formed as 

heterodimers by α and β subunits. These proteins mediate cell adhesion by binding 

either to counterparts on adjacent cells or to proteins of the extracellular matrix 

(Hynes, 2002). The signal transduction pathways upon activation of integrins are 

complex and facilitated via various cytosolic linker proteins with diverse effects: 

Prevention of apoptosis is reported as well as cell proliferation, - differentiation, - 

motility and modulation of the actin cytoskeleton. Moreover, activated platelet integrin 

(αIIbβ3) is the trigger of blood coagulation by binding fibrinogen, von Willebrand 

factor and fibronectin from the plasma. 

Similar to cadherins, the cytoplasmic domain is rather short (20-50 amino acids). 

Nevertheless, plenty of submembranous proteins are already identified to interact 

very specifically with distinct binding motifs or sequences on the intracellular integrin 

segment (Zamir and Geiger, 2001).  

Analogue to protocadherins, basic sets of integrins are also found in invertebrates 

such as flies or nematodes (Hughes, 2001), with the mammalian integrins clearly be 

their descendants as it is suggested for cadherins and protocadherins. 

 

Secondly, possible interaction partners can be identified on the cell surface of 

neighbouring cells either of laterally attached cells or placed in the basal surrounding 

environment (e.g. subepithelial connective tissue). This alternative was described for 

E-cadherin and some other classical cadherins (Troyanovsky, 2005) - they interact 

with their counterparts on adjacent cells forming adhesive trans-cellular dimers. 

Trans-cellular dimerization of N-cadherin has been found to be inevitable for 
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activation of intracellular small GTPases, inducing complex pathways resulting in the 

specific function in cell adhesion (Kim et al., 2005). 

Up to now, a comparable behaviour of the protocadherin subgroup is not established, 

suggesting that maybe protein interactions – either heterologous / homologous 

dimerization or specific binding to ligands – are too weak to detect with the applied 

techniques (cp. 5.4 Oligomerization of members of the cadherin family).  

The third site of supposable contacts is the apical membrane, leaving potential 

binding substances localized in the lumen, e.g. of the kidney tubulus system, of the 

small intestine, or of the blood vessels. Due to the presumably weak and short 

contact between ligand and receptor molecule, it seems to be rather difficult to isolate 

ligands which contingently bind to protocadherins expressed on the apical 

membrane. Only a few examples are known, one of them is T-cadherin, binding low 

density lipoprotein (Kuzmenko et al., 1994). 

 

5.2.1 Role of PDZ binding sequences in protein transport 
The PDZ-binding motif at C-terminus of protocadherin LKC have been found to play 

no essential role in correct transport and targeting to the apical and lateral 

membrane. This finding is in line with observations done in MUCDHL, the human 

analogue to rat µ-protocadherin. Like PLKC this protocadherin bears a PDZ binding 

motif at the intracellular end which has been shown to be not inevitable for proper 

transport and targeting to the apical membrane (Goldberg et al., 2002). The third 

known cadherin bearing a PDZ-binding motif at the C-terminal end is the murine 

homologue of drosophila fat protocadherin (Ponassi et al., 1999). Here the role of this 

motif is not yet determined. 

On the other hand, in transport of cystic fibrosis transmembrane conductance 

regulator (CFTR), the PDZ interaction region is required for correct targeting to the 

apical membrane and for induction of chloride secretion (Moyer et al., 2000). Similar 

influence of the PDZ binding motif are published about several other proteins like 

some GABA (γ-aminobutyric acid) transporters (Muth et al., 1998) or potassium 

channel subunits (Ponce et al., 1997). 



DISCUSSION 

 

 138

Finally, a PDZ-binding domain at the C-terminus facilitates synaptic localization of the 

N-methyl-D-aspartate receptor (NMDAR) (Prybylowski et al., 2005). 

 

5.2.2 Function of the cytoplasmic tail of transmembrane proteins 
For proteins which are targeted to the basolateral membrane, distinct sorting signals 

have been described to be localized on the cytosolic tail (Casanova et al., 

1991;Hunziker et al., 1991). In contrast, determinants of apical protein delivery are 

supposed to be coded in the extracellular fragment (Mostov et al., 1987).  

As illustrated in 4.4.3, it is obvious that protocadherin LKC, lacking the intracellular 

domain (PLKC∆Cyt), is not correctly transported: Cell-cell contact sites are totally 

depleted of protein and the mutant is randomly delivered to both, the apical and the 

basal cell surface. 

In spite of this, MUCDHL, the mentioned human analogue to rat µ-protocadherin is 

not dependent on sorting signals located on the cytosolic tail. A mutant, lacking the 

intracellular domain, is targeted to the apical cell surface with the same efficiency as 

the wild type protein (Goldberg et al., 2002).  

Similar results have been reported from the LPH or aminopeptidase N, which both 

are sorted with a high fidelity to the apical membrane even if the cytoplasmic tail is 

missing (Vogel et al., 1995;Jacob et al., 1999). 

A deletion mutant of N-cadherin (N∆Cyt), lacking the cytosolic tail, is expressed at 

the basolateral membrane in a pattern which is indistinguishable from wild type 

protein in immunofluorescence (Koller and Ranscht, 1996). But interestingly, in 

contrast to the wild type, N∆Cyt is first transported to the same extent to both 

compartments: the apical (55 %) and the basal membrane (45 %). This was 

assessed by cell surface biotinylation chase experiments, indicating, that the 

modified protein is delivered randomly to both membranes but then rapidly removed 

by proteolytic degradation or endocytosis. 

For E-cadherin, various truncated forms were tested: modification of the carboxy 

terminal end resulted in a correct sorting to sites of cell-cell contacts, demonstrating 

that the intracellular region of E-cadherin is not essential for proper targeting 

(Nagafuchi and Takeichi, 1988). Nevertheless, no aggregation ability was exhibit by 
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the mutant clones (Ozawa and Kemler, 1998). Furthermore, the association to the 

cytoskeleton, assessed by solubility to non-ionic detergents changed dramatically: 

physiologically, a distinct fraction of E-cadherin which is strongly linked to the actin 

cytoskeleton is not extractable (cp. 4.2.5 Association with the actin cytoskeleton). In 

contrast, lacking the cytoplasmic tail, E-cadherin is totally dissolved by non-ionic 

detergents. 

In case of other classical cadherins, e.g. for xenopus C-cadherin, the aggregating 

property is significantly weakened by truncation of the intracellular segment, but not 

totally abolished (Brieher et al., 1996). Moreover, VE-cadherin retains fully adhesion 

activity when the cytoplasmic tail is deleted (Navarro et al., 1995), but mediation of 

contact inhibition – which is assumed to be transferred by an intracellular signal 

cascade involving binding of the cytoplasmic domain to catenins – was not longer 

observed (Caveda et al., 1996). These findings have also been confirmed in a knock-

out mouse model. The authors were able to show that the introduction of a truncated 

variant of VE-cadherin in mice resulted in a phenotype identic with VE-cad-/- mice. 

This led them to the conclusion that the cytoplasmic region of VE-cadherin plays 

indeed a privotal role in angiogenesis and endothelial survival (Carmeliet et al., 

1999). 

Recently, a physiological cleavage of the intracellular fragment of E-cadherin have 

been described (Marambaud et al., 2002). According to this report, a specific 

cleavage by presenilin-1 controlled γ-secretase is induced upon apoptosis or calcium 

influx. Thereby, cells are able to promote dissociation of E-cadherin from the 

cytoskeleton, diminishing cell adhesion and disassembling adherens junctions.  

 

In summary, whereas most explored protocadherins and some type I cadherins 

exhibit aggregation activity independently of their cytoplasmic residues, E-cadherin is 

not capable to exert cell adhesion if the cytoplasmic region is deleted. These facts 

may support the hypothesis of two structurally different mechanisms in classical 

cadherins, responsible for aggregation competence mediated by dimerization (cp.2.3 

Cadherins in cell contacts). 
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Nevertheless, because classical cadherins are supposed to facilitate extracellular 

cell-cell contact signals by binding to cytosolic signalling molecules, such as 

catenins, it is obvious that a deletion of the intracellular domain will abolish any 

growth inhibition activity. 

Protocadherins on the other hand seem to mediate cell aggregation by simply 

sticking to homologues molecules on neighbouring cells without any obligatory 

intracellular signalling. This conclusion shall not exclude that protocadherins are 

additionally able to transfer external signals into the cell. On the contrary, the 

diversity in configuration of their intracellular tails opens countless possibilities for 

interaction with cytosolic proteins – yet they are not intensively elucidated. 

 

5.2.3 The transmembrane domain 
Transmembrane proteins are anchored in the lipid bilayer by a stretch of hydrophobic 

amino acids, exhibiting either their C-terminal end (type I) or their N-terminus (type II) 

to the cytosol. This fixation in the membrane is supposed to play an essential role in 

proper folding and thereby also in transport and function of many glycoproteins. The 

LPH for example does not acquire dimerization and is blocked in the ER upon 

removal of the transmembrane domain (Panzer et al., 1998). In contrast, the 

transport of sucrase-isomaltase is not affected by deletion of membrane anchoring 

(Jacob et al., 2000). Nevertheless, the transmembrane domain is important for the 

correct targeting to the apical cell surface. If it is deleted, the enzyme is transported 

randomly to the apical and lateral membrane due to a failure of its association with 

detergent resistant microdomains. Likewise the haemagglutinin of influenza virus is 

associated with lipid rafts and transported to the apical membrane - modifications of 

the transmembrane domain result in disturbance of the apical expression fidelity (Lin 

et al., 1998). The same results were obtained with the influenza neuraminidase 

(Kundu et al., 1996). Furthermore, the use of chimeras of the transmembrane domain 

from this protein with fragments of the tranferrin receptor demonstrated that this 

region per se determines the apical targeting of the protein and association with 

deteregent resistant microdomains. 
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A group in Copenhagen (Vogel et al., 1995) showed, that in aminopeptidase N, 

truncation of the transmembrane and cytosolic domains resulted in a decreased 

sorting efficiency to the apical membrane (65 % instead of > 90 %), although these 

data were not strikingly convincing.   

Unfortunately, the role of membrane spanning regions in cadherins has not been 

elucidated yet. According to biochemical studies performed with MDCK-II cells stably 

expressing PLKC∆TM, the deletion of the transmembrane domain does not affect the 

apical sorting fidelity. In contrast, the association with cell-cell contact sites is 

completely abolished as shown by confocal analysis. Thus, the modified protein is 

still transport-competent and most probably correctly delivered to the apical cell 

surface where it is then secreted into the media caused by a lack of anchoring in the 

membrane. However, the data do not clarify, whether delivery to the lateral cell 

compartment is utterly prevented or if the molecules are targeted correctly to the 

lateral membrane and then – again due to a lack of membrane linkage – secreted 

into the apical supernatant.  

  

5.2.4 Biosynthesis and transport kinetics 
The transport kinetic of PLKC as reported in the present work is consistent with 

previously findings regarding other cadherins. For example, E-cadherin is transported 

at even a faster rate and reaches the cell surface membrane already 10 minutes after 

synthesis (Shore and Nelson, 1991). The overall half time for the conversion of the 

mannose-rich precursor protein into the mature complex glycosylated form is here 45 

minutes (PLKC: 30 minutes) and after 2 hours chase, all molecules are processed 

into the complex glycosylated form (compared to 6h in case of PLKC). These short 

time periods suggest that cadherins in general are transported very quickly, whereas 

many other transmembrane proteins of comparable size, e.g. sucrase-isomaltase, 

are not processed so rapidly with a conversion rate (t1/2) of about 110 minutes (Naim 

et al., 1988). The lactase-phlorizin hydrolase (LPH) is even slower (t1/2 ~ 3 - 3.5 hours 

(Naim et al., 1987;Jacob et al., 1994). However, some enzymes like depeptidyl 

peptidase IV or aminopeptidase N (t1/2 ~ 20 - 25 or 30 - 45 minutes respectively) are 

processed quicker or with a comparable rate as PLKC  (Hauri et al., 1985). 
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Once integrated into the plasma membrane, degradation of transmembrane proteins 

is as specific as the kinetics of the targeting. The maintenance of the protein 

molecules expressed on the cell surface is determined by different limiting 

mechanisms. Some polypeptides are randomly scattered into the media or they are 

enzymatically cleaved like it happens to the sucrase-isomaltase by trypsin. Other 

proteins undergo endocytosis with either subsequent degradation in the lysosomes 

or recycling to the plasma membrane.  

Protocadherin LKC is still detectable after 96 hours on the cell surface, indicating that 

its half life is probably only limited by unspecific membrane regeneration.  

Mechanisms of endosomal recycling are described for E-cadherin: a proportion of 

mature protein is steadily subjected to endocytosis following recruitment to the cell 

surface by post golgi endosomal vesicles (Le et al., 1999). In non confluent epithelial 

monolayers, i.e. cells which are not yet fully polarized the pool of recycling molecules 

is increased as well as after destruction of adherens junctions by EGTA. In pulse-

chase experiments, the authors showed that the protein fraction underlying 

endocytotic circulation is processed very quickly: already after 5 minutes 

approximately 13 % of total cell surface protein was recovered from the endocytosed 

fraction. Over the next 3 hours tested, this pool did not change significantly, 

indicating that the amount of endocytosed protein has reached a steady state 

situation with molecules recycled to the cell surface. 

For cell contact molecules such as cadherins, the amount of adherens proteins 

expressed at the cell surface is an important factor determining the intensity of cell 

aggregation and growth inhibition (Angres et al., 1996;Yap et al., 1997). Thereby, cell 

adhesion can be modulated either by interference with transport to the cell surface or 

by affecting endosomal recycling to the plasma membrane. 

Depending on the physiological demands and circumstances during development, 

aging or structural modifications, cadherin mediated cell adhesion can be 

upregulated or abolished.   
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5.2.5 The role of actin cytoskeleton in transport and localization of 
cadherins 

Okazaki et al (2003) already showed that PLKC associates with the actin 

cytoskeleton and is redistributed in MDCK-II cells upon treatment with cytochalasin D 

but not after incubation with nocodazole, a reagent destroying microtubuli. These 

findings are consistent with our results obtained in MDCK-II, CHO and COS-1 cells 

(cp. 4.2.5 Association with the actin cytoskeleton). 

Longer incubation (> 6 hours) of MDCK-PLKC-YFP cells with cytochalasin D showed 

a significant redistribution of both, actin molecules and PLKC from the intercellular 

junctions to intracellular regions near the nucleus, presumably corresponding to golgi 

compartments. Moreover, these data implicate that the transport of PLKC to the cell 

surface is dependent on organization of the actin cytoskeleton. 

This has also been shown for other apical targeted proteins like the SI (Jacob et al., 

2003) whose final transport to the cell surface occurs in vesicles along actin 

filaments. In contrast, sorting of the LPH is not affected by disruption of actin fibers.  

As mentioned above (5.2.2 Function of the cytoplasmic tail of transmembrane 

proteins), cadherins of the classical type, all sharing the same highly conserved 

cytoplasmic region, are tightly associated to actin cytoskeleton via adaptor proteins. 

Extraction with weak non ionic detergents results in an insoluble fraction, assigned to 

be linked with the actin cytoskeleton. This was shown for E-cadherin (cp. 4.2.5 

Association with the actin cytoskeleton) as well as for VE-cadherin (Telo' et al., 

1998).  

Protocadherins, on the other hand, exhibit only a weak association with the actin 

cytoskeleton. VE-cad-2 for example is found at a similar amount in both, the soluble 

and insoluble fraction. Furthermore, this protocadherin has been shown to remain at 

sites of cell-cell interaction upon destruction of the actin cytoskeleton by cytochalasin 

D (Telo' et al., 1998). Here, PLKC shows only in part characteristics of the 

protocadherin subgroup. In fact, association of PLKC with actin, determined by 

detergent solubilization, is rather weak, but protein molecules are redistributed upon 

actin disorganization. 

The mammalian protocadherin FAT1, which is expressed at the edge of lamellipodia, 

filopodia and microspike tips, mainly of kidney glomerular epithelia, is described to 
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modulate actin polymerization by Ena/VASP proteins (Moeller et al., 2004). 

Furthermore, following this signal transduction, establishment of cell polarity and 

directed actin-dependent motility is enforced. Similar to PLKC, the subcellular 

distribution of FAT1, analyzed in immunofluorescence, showed colocalization with 

actin filaments at mature intercellular junctions as well as at tips of filopodial 

protrusions. In sites of adherens junctions, marked by E-cadherin, or zonula 

occludens, stained with ZO-1, neither PLKC nor FAT1 is found. 

In order to confirm the function of FAT1 in vivo and in vitro, the group on the one 

hand established a knock-out mouse of FAT1, which exhibits developmental defects 

in the epithelia organization of glomerula. On the other hand, in a wound model, 

lacerating  closed cell monolayer, FAT1 was found to be inevitable for polarization of 

the migrating cell (Moeller et al., 2004). These findings hint at an important role of 

FAT1 in regulation of actin dynamics and design of cell morphology. Yet it remains to 

be determined, if PLKC is capable to induce similar effects and – as both proteins are 

present in kidney epithelia – if one can be compensated by each other or if they 

function in a synergistic or complementary fashion. 

 

 

5.3 Influence of glycosylation on transport and function 

Transport and correct targeting of many glycoproteins is known to be dependent on 

glycosylation. A wide range of examples have been described since the addition of 

N-glycans to the rat growth hormone have been shown to be sufficient for apical 

trafficking in polarized MDCK cells (Scheiffele et al., 1995). 

Correct sorting of dipeptidylpeptidase IV to the apical membrane e.g. is mediated by 

N- as well as by O-linked sugar residues (Alfalah et al., 2002), whereas for a proper 

delivery of intestinal sucrase-isomaltase, only the O-glycosylation plays an inevitable 

role (Naim et al., 1988;Alfalah et al., 1999). Recently, the impact of N-glycans on the 

apical trafficking and endosomal recycling of sialomucin endolyn was described to be 

sufficient for transport (Potter et al., 2006). In contrast, transport of aminopeptidase N 

is totally independent of N- and O-linked sugar residues (Naim et al., 1999). 
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Likewise, inhibition of O-glycosylation is not sufficient to prevent the apical targeting 

of LPH. 

E-cadherin, as prototype of a classical cadherin, is still correctly transported to the 

cell surface in the presence of tunicamycin, a chemical which blocks the N-

glycosylation early in the processing machinery (Shore and Nelson, 1991). PLKC 

resembles in this respect other members of the cadherin family since in the present 

work it was proved by means of inhibitors of glycosylation and in glycosylation 

deficient CHO cells (Lec-cells) that neither the N- nor the O-glycosylation is 

necessary for targeting PLKC to the apical cell surface or to the lateral cell junctions.  

 

Enhanced O-glycosylation of the cytoplasmic tail of E-cadherin has been shown to 

lead to a decreased expression of adhesions molecules on the cell surface and an 

increased intracellular degradation (Zhu et al., 2001). This mechanism is stimulated 

by induction of apoptosis by agents causing ER stress. However, neither with E-

cadherin nor with PLKC, the reverse phenomenon was observed, as a block of O-

glycosylation does not enhance cell surface transport. 

Investigations on the implications of glycosylation in the function of desmosomal 

cadherins produced controversial results: the conformational epitopes of pemphigus 

disease related antigens desmoglein 1 and 3 are not influenced by glycosylation 

(Amagai et al., 1995), whereas an important role of N-glycosylation of the amino-

terminal ectodomain on the function of desmoglein 1 in the onset of the disease has 

been reported (Ortiz-Urda et al., 2003). Here, the binding of autoantibodies with 

subsequent acantholysis and subcorneal blistering is mediated by N-glycosylation. 

Therefore, the authors postulated a successful shielding of N-glycans or selective 

deglycosylation as a new potential approach to the therapy of pemphigus foliaceus. 

In contrast, Takeichis group observed no influence of N-glycosylation on the 

aggregation ability of E-cadherin (Shirayoshi et al., 1986). On the other hand, 

elevated levels of N-glycans lead to diminished cell-cell adhesion function of N-

cadherin (Guo et al., 2003). This occurs by overexpression of N-acetylglucosaminyl-

transferase V, and consequent elevated levels of N-linked β1-6 residues, which can 

be observed in many cell types undergoing oncogenesis. This modification of the 
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glycan hybrids could be one reason of increased cell motility and invasiveness of 

cells in cancer.  

In rat mammary carcinoma cells and rat lymphoma cell lines, the metastatic potential 

has been found to be related to aberrant N-glycosylation of E-cadherin, mediated by 

β1-6 carbohydrate branches. A replacement of these residues by β1-4-linked sugars 

resulted in suppression of metastasis based on a delayed turnover on the cell 

surface and an enhanced cell aggregation (Yoshimura et al., 1996). 

It can be concluded that the N- or O-glycosylation pattern of cadherins only plays a 

role under pathogenic circumstances, e.g. when the glycosylation is modified by 

aberrant expression of carbohydrate-transferases in transforming cells. 

Nevertheless, except from the presented studies, little is known about further 

implications of linked glycans in transport and functions of other members of the 

cadherin family, including possible implications in diseases and cancerogenesis. 

 

 

5.4 Oligomerization of members of the cadherin family 

5.4.1 Expression and function of oligomeric protein complexes 
Heterologous or homologous oligomerization has been shown to play a key role in 

transport and function of many proteins, particularly in processing of membrane 

anchored proteins. However, assembling of proteins can happen in distinct 

compartments of the cell. Some oligomers are already constructed early in the 

secretory pathway - like the mature, homodimeric form of LPH, for which Naim et al. 

demonstrated that dimerization already occurs in the ER (Naim and Naim, 1996). 

Furthermore, the enzymatic activity is abolished when the composition of the two 

subunits fails. Analyzes of structural determinants showed that the transmembrane 

domain and to some extent the cytoplasmic region as well, are crucial for 

dimerization and therefore acquisition of transport-competence.   

Similar, the dipeptidyl-peptidase IV (DPPIV) and aminopeptidase N (APN) both 

function as homologous dimers. But in contrast to the LPH, these enzymes undergo 
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dimerization later on the cellular pathway in the late golgi apparatus (Danielsen, 

1990;Jascur et al., 1991). 

Whereas the cited glycoproteins are exclusively expressed on the apical membrane 

and therefore only dimerize with molecules expressed on the same cell, adhesion 

molecules localized in the intercellular contact regions or at the basal cell surface are 

capable to exhibit two different types of oligomerization (cp. 4.2.10 Dimerization of 

PLKC). As mentioned, we distinguish here “trans-cellular” (or “adhesive”) and “cis”-

dimers (or “lateral”), the latter exhibit a parallel orientation of successive molecules, 

whereas trans-cellular dimers must be arranged antiparallely, meaning that the N-

terminus of one polypeptide localizes near the transmembrane domain of the partner 

molecule. 

Three major families have been so far demonstrated to play key roles in cell 

adhesion and cell contact: First, the integrins (cp. 5.2 Subcellular distribution), 

localized in regions of cell-cell contacts and on the basal membrane, mediate among 

various other functions cell adhesion by a strong linkage to the actin cytoskeleton. 

They are composed of two subunits (α and β), which form heterologous cis-dimers, 

responsible for activation (for review see Humphries, 2000).  

Secondly, various members of the immunoglobulin superfamily such as platelet-

endothelial cell adhesion molecule-1 (PECAM-1, CD31) or intercellular adhesion 

molecule-1 (ICAM-1, CD54) are expressed as dimers in their active form (Reilly et al., 

1995;Newton et al., 1999). Thereby, they exhibit adhesive activity and are capable to 

bind their ligands, e.g. integrins located on cell surface of epithelial cells.  

Finally, for cadherins of the classical type (e.g. E-cadherin, N-cadherin, C-cadherin) it 

has been extensively described that they are expressed in a homodimeric fashion 

and that their function in cell-cell contact signalling is – at least in part – dependent 

on dimerization (Patel et al., 2003).  

N-cadherin was described to form cis-dimers of two molecules of the same cell as 

well as trans-cellular dimers, tethering two opposing cells together (Shapiro et al., 

1995). Similar, E-cadherin dimers are detected in vivo (Takeda et al., 1999). 

In one study, vascular endothelial (VE)-cadherin was described to form homophilic 

hexamers (Legrand et al., 2001). Truncated forms of VE-cadherin, only expressing 
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the cadherin repeats 1 - 4 are found to form oligomeric complexes in solution, 

consisting of six single VE-cadherin molecules. Like it is the case with other classical 

cadherins, this formation turned out to be calcium dependent. 

Furthermore, the desmosomal cadherins, desmogleins and desmocollins, have been 

proved to function as homodimers as well as by formation of heterophilic dimers e.g. 

with plakoglobin (Marcozzi et al., 1998). 

However, yet potential dimerization and its impact on transport and function of 

members of the protocadherin subgroup is poorly understood. None of the 

investigated protocadherins has been described to form homologous or heterologous 

oligomers.  

Derived from this lack of positive reports it must either assumed, that protocadherins 

are basically not capable to form cis- or trans-cellular dimeric complexes, or that the 

association of protomers is very weak. The latter conclusion is supported by the 

demonstrated weak association with the actin cytoskeleton (cp. 5.2.5 The role of 

actin cytoskeleton in transport and localization of cadherins), indicating that binding 

affinities of protocadherins in general are not as strong as those of classical 

cadherins. However, in the presented experiments it was shown that protocadherin 

LKC is expressed as a homophilic dimer on the cell surface. The detected complexes 

seem to be exclusively of the cis-dimer typus, as a cross-linking of molecules 

expressed between neighbouring cells failed (cp. 4.2.10.3 Determination of the 

structural type of PLKC-dimers). Nevertheless, homophilic interaction might takes 

place but it is not detectable with the applied techniques. One hint to trans-cellular 

dimerization or at least homophilic adhesion activities is the strong aggregation 

activity exhibited by PLKC in a “nude” fibroblast cell model (cp. 5.6.1 Cell 

aggregation). 

Compared with other cadherins of the protocadherin subtype, PLKC is the first 

protein described to form dimers, which can be speculated to explain its strong 

adhesion capacity. Moreover this finding hints at a possible important role in cell 

adhesion and growth inhibition, which has already been proved for all classical 

cadherins and some protocadherins, too. 
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5.4.2 Oligomerization of cadherins mediates cell adhesion 
Trans-cellular dimerization is described for nearly all classical cadherins investigated 

so far. It constitutes a powerful tool for cell-cell contact signalling in united cell 

structures and is supposed to play an important role in contact inhibition, growth 

regulation and cell migration (cp. 2.1 The epithelia ). 

Most of these intercellular interactions take place between two homologous 

molecules, but it has also been shown, that E-cadherin molecules are able to form 

heterophilic dimers with P-cadherin (Klingelhofer et al., 2000). Similar, Shan et al. 

reported a cis-heterodimeric interaction between N- and R-Cadherin (Shan et al., 

2000). Nevertheless, it is questionable if these interactions take place at all in vivo. 

Homophilic oligomerization of cell-specific cadherins is still supposed to be one of the 

major determinants of cell-cell recognition (Takeichi, 1991). 

Several authors proposed the first N-terminal cadherin repeat to be exclusively 

responsible for selective lateral dimerization and thereby for adherens ability as well 

(Nose et al., 1990;Shapiro et al., 1995;Klingelhofer et al., 2000;Troyanovsky et al., 

2003).  

Other data appear to be inconsistent with this finding. For example, although 

strikingly similar, the isolated N-terminal motif of E-cadherin remains monomeric in 

solution (Koch et al., 1997a), but the equivalent fragment of N-cadherin self-

associates as dimers (Shapiro et al., 1995). This contradiction suggests that 

cadherins, even if they belong to the same subtype, underlie different mechanisms of 

oligomerization. Further insight in the precise mechanism of calcium-dependent 

dimerization was attained by X-ray crystal structure analyses of the first two E-

cadherin domains (Nagar et al., 1996) in comparison with the first domain of N-

cadherin (Tamura et al., 1998). Here it was shown that for E-cadherin the dimeric 

complex consists of a symmetric dimer with each subunit binding three bridged 

calcium ions between them, which are responsible for formation and stabilization of 

the dimer.  

In contrast, N-cadherin cis-dimerization seems to follow the strand-dimer theory, in 

which the protomers mutually exchange a strand region containing a conserved 

tryptophan residue (W2 at amino acid position 156) which fits in a hydrophobic 
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pocket of the second molecule (acceptor). In a second step, the formed dimer 

interacts trans-cellular with a complementary antiparallel subunit resulting in a zipper-

like construct and therefore refereed to as the “zipper model” (Shapiro et al., 1995). 

Recently, the group supplied detailed binding-affinity-quantifications for the specificity 

of this model (Chen et al., 2005). Furthermore, the analysis of the crystal structure of 

the complete extracellular domain of C-cadherin demonstrated that dimerization of 

this protein undergoes the same mechanism, involving the same tryptophan residue 

(Boggon et al., 2002). For several classical cadherins it has been demonstrated that 

mutagenesis of this tryptophane residue or some amino acids around this site, leads 

to an abolishment of cell adhesion capacity (Tamura et al., 1998).  

As mentioned, E-cadherin does not completely fit this scheme, probably because the 

distance between the two subunits is too large to allow a direct “zipper-like” 

interaction. Instead their subunits are linked by three calcium ions. Nevertheless, the 

conserved tryptophane plays here an important role in dimerization as well. But in 

contrast to the model described for N- and C-cadherin, this residue does not interact 

with an adjacent molecule but rather embed in a hydrophobic pocket formed on the 

same protein and thereby probably stabilizing a specific secondary structure which is 

then capable to establish the adherens link to the neighbouring subunit. Therefore, E-

cadherin dimerization is determined to be a kind of a strand-dimer model as well, 

although the underlying mechanism is different.  

Taken in account these findings, several questions must be addressed. First, why are 

at least two molecular mechanisms responsible for the same function of two closely 

related proteins? Secondly, as calcium ions play strikingly different roles and calcium 

binding sites are harbored in different regions, why is the role of calcium ions 

triggering cell adhesion in both models basically the same? And thirdly, could these 

two structures be the reason for the already mentioned (cp. 2.1 The epithelia - gain 

and maintenance of polarity) difference between E-cadherin, which is not capable to 

form heterodimeric structures with other cadherins on the one hand and N-cadherin 

which has been shown to co-aggregate e.g. with R-cadherin on the other? The 

assignment of the latter cadherin to either of both crystal structure types has not 

been resolved yet but it is supposed to follow the schema described for N- and C-
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cadherin. If the character of dimerization depends on the crystal structure and the 

nature of involvement of calcium ions, it would make sense to distinguish within the 

classical subfamily between the homophilic and the heterophilic adhesion molecules. 

 

5.4.3 Calcium ions facilitate dimerization and function of cadherins 
The capability to bind calcium ions is one of the major characteristics of the 

extracellular cadherin motifs and calcium was soon identified to play a key role in 

cadherin-mediated cell adherens. Revealing this implication more detailed, the 

process of dimerization of E-cadherin under increasing calcium concentration was 

investigated (Pertz et al., 1999). Low calcium levels (50 µmol) only stabilized E-

cadherin monomers expressed on the cell surface, whereas increasing levels (~500 

µmol) induced the formation of cis-dimers. Finally, under high concentrations (>1 

mM), trans-cellular oligomers were constructed by two cis-dimers. 

Vice versa, depletion of calcium results in an immediate dissociation of adhesive 

dimers (Klingelhofer et al., 2002). 

Ozawa et al. were able to show, that this binding affinity dependents very sensitively 

on the distinct composition of each single repeat (Ozawa et al., 1990). A single point 

mutation (asparagine to lysine or alanine) in one putative cadherin repeat leads to a 

severe defect in aggregation capacity, suggesting that protein folding and interaction 

of the luminal segments is crucial for the binding of calcium ions and thereby for 

facilitation of cell adherens function.  

More evidence is provided that calcium-binding motifs located on the first cadherin 

repeat play a superior role in formation of trans-cellular E-cadherin pairs, whereas its 

influence on lateral dimers seems to be compensable (Klingelhofer et al., 2002). 

Furthermore, association between the two subunits in adhesive dimers turned out to 

be rather weak causing a very high turn over rate of recycling E-cadherin. However, 

under physiological conditions in cell-cell contacts, the fraction of adhesive dimers 

seems to be larger than the amount of lateral dimers. This is changed, when the 

subunits were interrupted by depletion of calcium, leading to the drastic conclusion, 

that cis-dimers are only present in case of disassembling of the adherens junctions 

(Troyanovsky et al., 1999). 
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5.5 Detergent resistant microdomains 

The transport of many proteins – transmembrane proteins as well as GPI-anchored 

proteins - has been shown to be facilitated by association with detergent resistant 

microdomains (DRMs), called “lipid rafts” or shortly “rafts”.  

Especially the correct targeting of various apically sorted proteins such as SI or 

DPPIV is dependent on a composition with lipid rafts, whereas basal sorted proteins 

are normally not included in rafts (reviewed by Schuck and Simons, 2004).  

DRMs are described as subvesicular structures, enriched by cholesterol and 

glycophingolipids, with a decreased fluidity compared with lipids of the cell 

membrane bilayer (Simons and Ikonen, 1997). As mentioned above, rafts are 

discriminated from other membranous components by their solubility to non-ionic 

detergents like Brij, Chaps, Lubrol, Tween, Triton X-100 etc. Solubilization with each 

detergent results in a distinct lipid composition pattern of the resistant microdomain 

(Alfalah et al., 2005). Hence we can principally distinguish different types of rafts. 

Therefore it is more accurate to describe e.g. Brij-rafts or Triton X-100-rafts. The 

latter one is commonly used to determine if a protein “enters rafts or not”.  

Furthermore, diverse raft-dependent delivery machineries are discriminable 

according to the proportion of the two major components of DRMs: with distinct 

inhibitors, the synthesis of sphingolipid (by fumonisin) or cholesterol (using β-

cyclodextrin) can be inhibited, and thus their contribution to the establishment of 

DRMs can be estimated. For example it has been shown that for raft-mediated cell 

surface delivery of DPPIV, depletion of cholesterol had more severe affect than an 

inhibition of sphingolipid synthesis (Alfalah et al., 2002). 

However, there are also apically sorted proteins described which are transported 

independently of DRMs. The LPH for example does not enter detergent insoluble 

microdomains (Jacob & Naim 2001). Here, basically different transport mechanisms 

are proposed for the correct targeting of this protein in comparison to the SI as a 

marker for DRM-dependent apical trafficking. 

 

It has become quite evident that a correct membrane anchoring plays a key role in 

DRM-dependent transport: Deletion of the transmembrane domain abolished 
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association of the SI with lipid rafts (Jacob et al., 2000) and modifications in the 

membrane anchoring of the influenza virus proteins haemagglutinin and 

neuraminidase prevented directed transport via rafts (Kundu et al., 1996;Scheiffele et 

al., 1997).  

Likewise, the influence of an intact glycosylation pattern has been shown for some 

proteins. For example, the association with lipid microdomains and thereby the 

correct targeting to the apical membrane of the SI requires O-linked glycans, which 

was proved by inhibition of O-glycosylation with benzyl-GalNAc (Alfalah et al., 1999). 

Similar, DPPIV is delivered to the apical membrane by association with DRMs, 

mediated by correctly O- and N-linked sugar residues (Alfalah et al., 2002). 

Beside the described examples, it has been also reported that glycoproteins which 

are involved in cell signalling or cell adhesion, such as growth factor receptors or 

intercellular contact molecules, associate with DRMs (Roepstorff et al., 

2002;Niethammer et al., 2002). For the neural cell adhesion molecule (NCAM), a 

crucial role of rafts in neurite outgrowth was demonstrated (Niethammer et al., 2002). 

 

Within the cadherin superfamily it has been found that all members – as far as 

investigated – are localized in lipid rafts (see for review Angst et al., 2001). 

In some studies it has been reported, that cadherins colocalize with signalling 

proteins which might be involved in transferring extracellular signals generated by the 

cadherin molecules. T-cadherin for example colocalizes with small trimeric G-proteins 

and SRC family kinases in lipid rafts (Doyle et al., 1998;Philippova et al., 1998).  

Furthermore, for N-cadherin it has been recently proved that DRMs play a key role 

not only in the transport but also in function of this cadherin (Causeret et al., 2005). 

The authors showed that N-cadherin is localized in lipid rafts at sites of cell-cell 

contacts and that after depletion of these microdomains, cell-adhesion function of N-

cadherin was abolished although the protein is still correctly transported to the 

plasma membrane and its association with intracellular signal pathway molecules 

(catenins) is not affected. Moreover, the association with DRMs is dependent on the 

formation of homologous N-cadherin dimers and their association with F-actin. 
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Therefore, it is proposed in this paper that rafts could act as new potential regulators 

of cadherin mediated cell adhesion.  

 

In case of the protocadherin subgroup, reports of detergent resistant microdomains 

are rather rare. Although they are structurally closely related to cadherins of the 

classical type, it is not certain that they must be included in lipid rafts, too. In contrast, 

for association with DRMs, the cytoplasmic tail has been shown to play a crucial role 

in recruitment of transmembrane proteins into lipid microdomains. Whereas classical 

cadherins exhibit a highly conserved intracellular fragment (> 90 %), the cytosolic 

region of most protocadherins is unique and very specific for ligand-binding functions. 

Nevertheless, some clusters of protocadherins have been reported to express 

multiple cysteine residues in the intracellular tail, which are potential sites for 

sacylation / palmitoylation, contributing to inclusion into lipid rafts (Angst et al., 2001). 

Particularly for the eight cadherin related neuronal receptors (CNRs), a protocadherin 

subfamily which shares an identical cytoplasmic tail and exhibits six extracellular 

cadherin repeats, an association with lipid rafts has been demonstrated indirectly 

(Kohmura et al., 1998). However, the implication of DRMs in transport and function of 

the protocadherin subgroup have not yet been well elucidated.  

 

For PLKC, the performed experiments showed that a fraction of the protein is 

transported by Triton X-100 rafts, whereas another fraction (the high mannose ER 

form and parts of the complex glycosylated fraction) is not rafts associated.  

Weaker detergent like Brij 96, Lubrol and Tween 20 are not able to solubilize the 

mature form of PLKC, indicating that the protein is indeed masked in a distinct type of 

detergent insoluble lipid microdomains. Recently it was proposed for Tween 20 to 

determine a new sort of lipid microdomains which separate apical and basal directed 

proteins early in the protein pathway (Alfalah et al., 2005). The results of detergent 

solubility of PLKC support this theory, as the mannose rich band, representing an 

early precursor form localized in the ER or associated with vesicles transported 

between ER and golgi, is found in the Tween-20 insoluble fraction. This could define 

the fraction of PLKC targeted to the apical membrane. 
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In contrast to many glycoproteins mentioned above the inclusion of PLKC in lipid 

microdomains is not dependent on complex glycosylation, as assessed by evaluation 

the rafts-association of PLKC in the glycosylation deficient CHO/Lec cells. 

Furthermore, studies of the deletion mutants provide more evidence about structural 

requirements of association with DRMs. A deletion of the transmembrane domain as 

well as a truncation of the cytosolic tail result both in an abolished inclusion into lipid 

rafts. However, the membrane-anchorless mutant is correctly targeted to the apical 

cell surface with the same efficiency as wild type PLKC, indicating that that the 

association with rafts is not inevitable in correct transport and targeting of PLKC. On 

the contrary, PLKC lacking the intracellular domain is not included into lipid rafts 

either but this mutant is randomly delivered to both membranes. Therefore, important 

determinants facilitating the association with detergent insoluble microdomains are 

composed of at least the transmembrane domain and the cytosolic tail. This is in line 

with experiments deleting the transmembrane of SI, haemagglutinin or 

neuraminidase described above. 

The mistargeting of PLKC∆Cyt and especially the loss of lateral transport in respect 

of abolished association with DRMs raises the question whether a raft – mediated 

protein trafficking of PLKC targets molecules only to the lateral but not to the apical 

membrane. This hypothesis is supported by the observation that PLKC∆TM is 

delivered very efficiently to the apical cell surface without interaction with lipid 

microdomains. 

Finally, further studies are necessary to investigate the role of rafts-association in 

cell-aggregation function of protocadherin LKC. 

 

One requirement for cell contact molecules to be transported with DRMs could be a 

targeted and regulated transport into distinct areas of cell-cell contact sites or a 

decreased or enhanced endocytosis. Thereby, the sensitive association with lipid 

rafts is a powerful tool to up- or downregulate expression and thus adhesive function 

of cell adhesion molecules upon intra- or extracellular stimuli. Via this selective 

modification of cadherin surface expression, cell-cell adhesion, growth inhibition and 

cell migration might be modulated.  
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Surprisingly Causeret et al. were able to show that lipid rafts accomplish more 

functions than mere transport of proteins (Causeret et al., 2005). As mentioned 

above, the group was able to show that rafts are necessary for stabilization of N-

cadherin mediated cell adhesion. However, it remains to be proved, if this effect is 

due to a specific depletion of rafts by the applied inhibitors (β-cyclodextrin and 

cholesterol oxidase) or rather caused by a general modification of the plasma 

membrane upon treatment with these reagents. 

 

 

5.6 PLKC involved in cell-cell contacts 

5.6.1 Cell aggregation 
Cell aggregation is one of the major abilities exhibited by members of the cadherin 

superfamily which has been shown for nearly types of cadherins. 

As mentioned above, trans-cellular dimerization in the presence of calcium ions is 

believed to be one of the mechanisms underlying cell adhesive contacts. Although 

formation of dimers has until now only been shown for classical cadherins, 

protocadherins are capable to mediate cell-cell contacts as well. For protocadherin 1, 

12, VE-cadherin 2 and the axial- and paraxial protocadherins a distinct cell 

aggregation capacity estimated by the same “nude cell model” has been reported 

(reviewed by Frank and Kemler, 2002). However, this activity seems to be only 

moderate (Sano et al., 1993). 

The presented results of functional aggregation studies using CHO-PLKC-YFP cells 

are in line with these reported observations, as a distinct cell adhesion capacity is 

exhibited but it turned out to be not as strong as the one established by E-cadherin. 

In addition, only a homophilic interaction between cells both expressing PLKC and no 

cross reaction with E- or N-cadherin was observed, which is consistent with other 

members of the protocadherin family. Surprisingly, the activity of N-cadherin in the 

used model turned out to be weaker than adhesion potential of PLKC.  

In contrast to PLKC, which aggregation activity is abolished by removal of calcium, 

some protocadherins seems to be at least in part independent of calcium (µ-
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protocadherin, reported by Goldberg et al., 2000). This suggests that although the 

extracellular domain of protocadherins is composed similarly to classical cadherins of 

single highly conserved cadherin-repeats, the molecular mechanism for adherens 

activity is not the same. Given this, the lack of strong dimeric interaction is 

explainable. However, the crystal structure of a protocadherin is not yet resolved and 

therefore the detailed composition of cell-cell interaction sites remains unclear.  

Furthermore, the mechanism of cell-adhesion induction seems to be basically 

different. Through classical cadherins cell morphology is altered by a linkage of 

catenins between the cytoplasmic tail of cadherins and the actin cytoskeleton (cp. 2.4 

Intracellular signalling of cadherins). Truncation of their intracellular domain leads for 

some classical cadherins to a nearly abolished cell aggregation activity (Nagafuchi 

and Takeichi, 1988).  

In contrast, Golberg et al. demonstrated µ-protocadherin to be capable to induce cell-

cell aggregation at a very high level already after 20 minutes (Goldberg et al., 2000). 

Here, the deletion of the cytoplasmic tail did not prevent aggregation, indicating that 

cell adhesion is not mediated by an intracellular pathway. This conclusion is 

supported by the observation that T-cadherin, which is membrane-anchored by 

glycosyl-phosphatidyl-inisotol and therefore missing a cytosolic tail, is also able to 

mediate calcium dependent cell aggregation (Vestal and Ranscht, 1992). 

Furthermore, destruction of the actin cytoskeleton has been reported for VE-cadherin 

2 to have no influence on the adhesion activity and the same conclusion must be 

drawn from the aggregation assays performed for PLKC. 

In classical cadherins, the crucial region for binding specificity has been described 

long time ago (Nose et al., 1990) for E- and P-cadherin: the N-terminal 113 amino 

acids contain a conserved histidine-alanine-valine sequence an flanking amino acids 

and thereby contribute to homophilic recognition. However, as reported before (cp. 

5.4 Oligomerization of members of the cadherin family) some cadherins may interact 

in a heterologous fashion at least in vitro. The determinants of binding specifity in 

protocadherins have not yet been described. 
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5.6.2 Alteration of cell morphology   
CHO cells stably transfected with PLKC show a striking difference in cell morphology: 

in contrast to wild type CHO cells (CHO-K1) or cells, expressing only GFP, they form 

rather epithelial-like monolayer. Staining of PLKC occurred in confluent CHO-PLKC-

YFP cells predominantly at the membrane of cell-cell contacts and a remarkable 

recruitment to these sites was observed upon cell-cell contact.  

It might be supposed, that these transfected cells are able to gain a kind of 

confluence – as it is known in case of Lec cells, which are derived from CHO cells 

and show a similar cell shape and intracellular distribution of PLKC (cp. 4.2.9.2 

Expression of PLKC in glycosylation deficient CHO/Lec cells). 

The modification of cell formations might be assigned to an induction of alteration in 

the cell shape which must be mediated by a PLKC-dependent cell contact event. It 

remains still to clarify, if this occurs by some intracellular signalling – which is rather 

implausible as PLKC is physiologically not expressed in CHO cells – or if it is the 

effect of a rather mechanical growth inhibition by bridging of two PLKC molecules on 

neighbouring cells. Given the latter possibility, the same effect shall be exhibited by 

many other cadherins, too, because all of them share highly similar extracellular 

domains. At least for CHO-cells stably transfected with E-cadherin, a comparable 

alteration of cell morphology was observed.  

The evaluation of proliferation rate in CHO-PLKC-YFP cells showed no significant 

difference to cells transfected with an empty vector, which is in line with previous 

findings, describing proteins of the protocadherin subgroup to be not capable to slow 

down cell proliferation (Telo' et al., 1998) in the same cell model, whereas some  

classical cadherins have been shown to inhibit rapid cell growth. Stable transfection 

of N-cadherin for example was found to decrease the growth rate of CHO cells 

significantly (60-65%). Furthermore, investigation of cell cycle states revealed that 

the percentage of cells arrested in the G1 phase was increased. (Levenberg et al., 

1999). 

These findings indicate that basic growth characteristics of CHO cells are not 

affected by PLKC but rather cell morphology and structural properties are modulated, 

presumably upon induction of adhesive cell-cell contacts. 
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However, in this context it must be considered that the CHO-fibroblast cell model is 

an artificial construct, probably lacking potential intracellular interaction partners of 

PLKC, which may contribute in epithelial cell lines or in vivo to an inhibition of 

proliferation. Therefore a potential growth suppressor role for PLKC, which was 

postulated based on transfection experiments in colon carcinoma cell line (cp. 2.6 

Protocadherin LKC), can not be excluded after the performed experiments. 

 

In the literature some isoforms of protocadherin 7 (7a and 7b) have been shown to 

induce similar effects when overexpressed in mouse fibroblasts L-cells (Yoshida, 

2003). The same clones exhibited a strong aggregation capacity as well. 

Surprisingly, the major fraction of protocadherin 7 is localized in the ER membrane 

and not – as one could suppose – on the membrane in sites of cell-cell interaction. 

Unfortunately the authors did not address the question about the detailed mechanism 

of the phenomenon. 

In hippocampal neurons, a truncated mutant of N-cadherin induces dramatic 

morphological changes (Togashi et al., 2002). Here, an increase in spine length and 

a reduction in spine-head width was visible, connected with a lost of β-catenin 

expression in sites of synaptic contacts. Moreover, some pre- and post-synaptic 

marker have been shown to be redistributed from the synaptic membranes. Finally, a 

significant decrease in vesicle formation was observed, leading to the conclusion, 

that N-cadherin plays indeed a crucial role in synaptogenesis.  

 

One additional hint at a potential role in establishment of epithelial monolayer is the 

competency of PLKC to increase the transepithelial resistance when overexpressed 

in MDCK-II cells. It was already mentioned before that the formation of tight 

junctions, which are mainly responsible for the establishment of the TRE, is 

sensitively dependent on cell adhesion events mediated by proteins of the adherens 

junctions, e.i. mainly members of the cadherin family (cp. 2.2 Cell junctions). This 

raises the plausible explanation for the increased resistance of MDCK-PLKC-YFP 

cells: An overexpression of PLKC-YFP at sites of cell-cell contacts enhances cell 

adhesion and induces the formation of stronger cell-junctions, resulting indirectly in 
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an increased development of tight junctions. The possibility, that by a forced 

expression of the protocadherin, tight junctions are only formed faster, leading to an 

earlier maximum of the TER, can be ruled out because constant top-level TER 

values were measured over a couple of days. 

A second possibility is that PLKC itself constructs a barrier impermeable for charged 

ion. This must occur by bridging the intercellular space and sealing it thereby. 

However, this alternative is rather unlikely because no strong trans-cellular 

homophilic or heterophilic interactions of PLKC molecules localized on juxtaposed 

cells were observed using cross-linking techniques. Additionally, the lacking 

increment of TRE in fibroblasts stably expressing PLKC-YFP suggest that although 

PLKC is expressed at sites of cell-cell contacts, the protein is not capable to seal the 

intercellular space. Nevertheless, this theory can not be excluded based on the 

presented data and future research must be exerted regarding this object. 

For the epidermal growth factor (EGF) receptor it has been recently proved that upon 

stimulation by high EGF levels in the culture media the protein is capable to induce a 

threefold increase of the TER rate in MDCK-II cells (Singh and Harris, 2004). 

Detailed investigation of the underlying mechanism revealed that the EGF receptor 

modulates the expression levels and intracellular distribution of various claudins, 

integral tight junction proteins which are known to regulate the formation of tight 

junction. Furthermore, inhibition of the MAP-kinases ERK1 / 2, which are 

downstream targets in the EGF receptor signalling pathway, abolished any additional 

activation of tight junction formation, leading to the conclusion that the specific 

activation and signal transduction by tyrosine phosphorylation of the EGF receptor is 

crucial in modulation of claudin-expression and redistribution. 

Moreover, Pece and Gutkind (2000) reported that E-cadherin is capable to induce 

MAP-kinase pathway signalling by a ligand independent activation of the EGF 

receptor. A similar mechanism may be considered for the enhancement of the TER in 

MDCK-PLKC-YFP cells. As far as the literature was reviewed, no experiments were 

performed using an E-cadherin overexpressing system in respect of the tight junction 

barrier function. Therefore it is temptative to speculate that maybe even the 

permeability of renal cortical ducts can be modulated by different expression levels of 
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cell-adhesion molecules, not only tight junction proteins but also members of the 

cadherin family. Because more and more evidence is provided that the latter are 

capable to mediate intracellular signalling pathways, a dynamic and rapid regulation 

of the tightness of the intercellular barrier upon extracellular signal activation can be 

supposed. One step further is the assumption that PLKC might serve as a potential 

receptor as its localization at the apical membrane predestines this protein for 

accepting of intraluminal signals. 

 

 

5.6.3 Influence of calcium on PLKC expression and adhesion activity 
Depletion of calcium in the culture medium by chelation with EGTA has been early 

reported to disrupt epithelial cohesion. Especilly adhesion molecules of the cadherin 

superfamily have been proved to function closely related to extracellular calcium 

concentration (Vestal and Ranscht, 1992;Tamura et al., 1998;Legrand et al., 2001). 

Derived crystal structure, a model of dimerization implicating three calcium ions was 

proposed (cp. 5.4.3 Calcium ions facilitate dimerization and function of cadherins). 

Removal of these calcium ions leads to destruction of the adhesion active dimeric 

forms of E-cadherin for example and thereby to a destruction of adherens junctions 

(Chitaev and Troyanovsky, 1998).  

Furthermore, for E-cadherin and some others (e.g. VE-cadherin) it has been shown, 

that decreased calcium concentrations induces an altered subcellular distribution: 

instead of proper delivery to the cell surface at sites of cell-cell contacts, more 

molecules accumulate in intracellular or submembranous compartments (Takeda, 

2004). Because of the rapidness of this process there must be an active recruitment 

of cell-surface expressed molecules beside redirected transport of newly sythesized 

and endosomal recycled protein. Here the behaviour of protocadherins is ambivalent 

as for some it has been shown to be redistributed like E-cadherin (e.g. VE-cadherin 

2, Telo' et al., 1998), whereas the localization of the protocadherin described in this 

work is independent of calcium. Unlike E-cadherin (used as a control), PLKC 

molecules remain expressed on the cell surface even when cells are already 
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detaching from plates (cp. 4.2.6 Influence of calcium on subcellular distribution of 

PLKC). 

The aggregation activity of protocadherins differs similarly. Some protocadherins (like 

PLKC and VE-cadherin 2) are only in presence of calcium able to induce cell 

aggregation, whereas for others it was shown that they exhibit at least in part a 

calcium resistance (Goldberg et al., 2000). 

 

5.6.4 Loss of function experiments 
Many cadherin of all classes, subclasses and types have been shown to be involved 

in cell-cell contact, growth inhibition and cell-cell arrest.  

Roberts et al. proved by antisense RNA-facilitated decrement of desmocollin in 

MDCK-II cells that this protein is involved in assembly of desmosome plaques 

(Roberts et al., 1998). A reduction of protein expression led to a significantly 

destruction of desmosomes and altered cell structure. 

Similar, a knock out of protocadherin LKC by injection of siRNA in MDCK-II cells has 

been shown to affect – at least shortly – the correct formation of cell-cell contacts and 

therefore induction of cell-typical morphology and shape in a closed monolayer. 

Taking in account that the time period for a potential lack of function is rather short, 

further alteration of cell structure and morphology or even transformation could not 

be expected. An advanced approach would be the application of a retrovirus-based 

siRNA vector, resulting in a stable knock out of the protein. Finally, a knock-out 

mouse, lacking the whole PLKC-gene and thereby not expressing any PLKC, would 

be a perfect model to study the role of PLKC in vivo. On the other hand, 

establishment of a PLKC-/- mice takes a long time and might be connected with the 

risk of side effects by knocking out other genes by chance. 

However, this method was applied successfully for the whole cluster of γ-

protocadherins, containing 22 single genes (Wang et al., 2002). Protocadherin-γ-null 

mice exhibit a decreased density of synapses in the spinal cord and especially a 

significant loss of specific subpopulations of spinal neurons. Mice are viable - 

however an extraordinary early lethality is observed. 
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A different example is the knock out mouse lacking the “giant” atypical cadherin 

mFAT1 (giant because its luminal domain consists of 34 cadherin repeats). Here, 

mice die in the perinatal period. Autopsies and immunohistochemical analyses 

revealed that the renal glomerula slit junctions are not correctly developed and 

thereby establishment of the glomerula epithelia failed. 

 

 

 

5.7 Identification new potential intracellular interacting proteins 

Because this question was not in the center of investigations underlying the 

presented work, this topic is addicted not as much space at it should be according to 

its importance. Future work will concentrate more on this aspect. 

Nevertheless, the approach applied in this work in order to screen for possible 

cytoplasmic binding partners was based on the consideration that adaptor proteins 

must unequivocally bind to the cytoplasmic tail of protocadherin LKC. By comparison 

of the full length protein with a mutant lacking the intracellular region, possible 

proteins binding to certain domains located on the C-terminal fragment of PLKC 

might be identified. 

In fact, by separation of co-immunoprecipitated proteins via two dimensional 

polyacrylamide gelelectrophoresis, followed by software analysis of identified spots, 

11 new proteins related to the cytosolic tail of PLKC were detected. Although the first 

screening by in silico studies must be confirmed by MALDI-TOF mass spectrometric 

analyses (matrix assisted laser desorption/ionisation - time of flight), first careful 

conclusions of potential adaptor proteins or signal cascades can be drawn. 

Among the identified proteins, three molecules attracted major interest due to their 

subcellular localization or implication in signal cascades related to growth inhibition or 

cell-cell contacts. 

First, the cellular tumor antigen p53 is one of the most investigated proteins in current 

research as this protein is supposed to play a key role in carcinogenesis. It is well 

explored that loss of normal p53 function occurs in almost all human cancer 
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specimens (Hollstein et al., 1991). An activation of p53 is mediated by stress signals 

such as DNA damage, hypoxia or abnormal proliferation, leading to an inhibition of 

cell growth either by arresting proliferation or by inducing apoptosis (Vousden, 2000). 

Thereby, malignant cell transformation is prevented, qualifying p53 as an extremely 

efficient tumor suppressor. The tight control of p53 predominately occurs by 

regulation of protein levels, control of the intracellular localization and modulation of 

its activity. Most effects of p53 are exhibited in the nucleus, into which the activated 

protein is transported. Here, it interacts with the transcriptional machinery and thus 

up- or downregulates the transcription of various proteins. Nuclear export into the 

cytoplasma is related to inactivation and degradation of p53.   

Because of this localization, a direct interaction with cell surface expressed proteins 

such as PLKC is rather unlikely and not reported yet. Nevertheless, an indirect 

binding of p53 increasing the cytosolic pool accessible for activation by 

phosphorylation may give an explanation for the observed involvement in 

carcinogenesis of PLKC (cp. 2.6 Protocadherin LKC). However, a direct activation of 

p53 by PLKC can most probably be ruled out because sequence analyses did not 

reveal any kinase activity motif within the protocadherin. In contrast, the already 

identified adaptor protein MAST205, a serine/threonine kinase, might be capable of 

activation of p53 which is indeed highly speculative and must be confirmed by in vitro 

kinase assays with all three proteins expressed in a valuated system. 

 

The next candidate, connexin 30, is an isoform of the gap junction forming connexin 

proteins. This group, comprising about 20 members, has been described to facilitate 

intercellular communication by formation of large, nonselective ion channels between 

two adjacent cells (so called “hemichannels”), leading to paracrine signalling in many 

cell types (Ebihara, 2003). 

Beside ions, small metabolites including nucleotides, ATP and NAD+ are able to pass 

these gateways. Among various other tissues, some connexins are expressed in the 

kidney, where they have been shown to interfere with ATP-mediated calcium release 

which in turn triggers the release of renin and regulates contractile functions of the 

juxtaglomerular apparatus (Komlosi et al., 2005). 
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Connexin 30 was described only recently to be expressed in renal tubular epithelial 

cells, adult skin and brain (McCulloch et al., 2005). Surprisingly, the subcellular 

distribution analyzed in that paper revealed that most protein molecules localize at 

the apical membrane and not at sites of intercellular contacts as other members of 

the connexin family. Moreover, the protein expression levels differ among the renal 

tubular duct system with highest expression found in the distal tubular nephron 

segments. Derived from these observations, the authors propose a possible function 

in facilitating communication with the luminal liquid matrix in the distal nephron. 

These findings suggest that an interaction of connexin with the cytoplasmic domain 

of PLKC is not implausible as both proteins are located at the apical membrane. 

Further implication of connexin in PLKC signalling or vice versa of PLKC in 

redirecting connexin 30 to the apical cell surface should be analyzed.  

 

Thirdly, the dual specificity mitogen-activated protein kinase 1 is not described yet in 

the literature but its basic features classifying it in the huge family of MAP-kinases 

qualify this protein as a potential downstream target in signalling of PLKC.  

The MAP-kinase pathway complex is one of the major signalling pathways within 

each cell and its implication in cell-cycle control and cell proliferation becomes more 

and more complex (compare MacCorkle and Tan, 2005 for a detailed overview). 

Several subfamilies (ERK, BMK, p38, JNK) of MAP-kinases can be distinguished 

according to their subcellular distribution and interaction with cell cycle modulators.  

MAP-kinases are activated by several proteins located at the plasma membrane, 

including for example the growth factor receptors. As mentioned above, it has been 

shown for the first time that E-cadherin is capable to cross-activate epidermal growth 

factor receptor without a ligand (Pece and Gutkind, 2000). Similar mechanism may 

lead to an indirect signal transduction by members of the cadherin family mostly 

which lacks a cytoplasmic kinase activity required for activation of most downstream 

targets of the MAP-kinase pathway. 

Among various other implications, some effects of MAP kinases are enhancement of 

cell proliferation and inhibition of apoptosis. Therefore, a functional connection to 

PLKC can only be explained in an inverse relation: because PLKC has been shown 
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to be upregulated upon cell differentiation and polarization, which is related to a 

decreased proliferation rate, an overexpression must inactivate potential downstream 

MAP-kinases. Here again, the already identified MAST205 may function as an 

adopter protein. 

 

For further investigations on the character of interaction between the cytoplasmic tail 

of PLKC and newly identified proteins, several possibilities are given: By co-

immunoprecipitation, the first conclusions derived from the 2D PAGE analysis must 

be confirmed. Furthermore, biosynthetical labelling combined with pulse-chase 

experiments allow to distinguish between the distinct forms of PLKC and thereby the 

concrete localization of protein association and temporal context can be evaluated.  

Colocalization studies can be performed using either in immunofluorecence with an 

antibody raised against the discrete protein or cotransfection of PLKC-YFP and one 

of the candidate proteins tagged with a different fluorescent protein such as cyano 

fluorescent protein or DsRed. The latter technique leaves the possibility of acquiring 

life images and study the trafficking and interaction in living cells. Moreover, by use of 

fluorescence resonance energy transfer (FRET), a substantial interaction can be 

detected and measured. 

Finally, functional assays using in vitro models are capable to back-reference to the 

physiological role of the interaction between PLKC and its binding partners.  
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6 Summary 
Michael Peter Rolf Krahn 
Expression and characterization of protocadherin LKC in mammalian cells 

The modulation of cell-cell contacts and thereby the mediation of intracellular 

signalling pathways is an inevitable event in the functional establishment and 

morphological formation of various tissues, especially in epithelia. It has been already 

demonstrated in several diseases that an aberrant expression of cell adhesion 

molecules can cause severe modifications of physiological cell functions, including 

organ dysfunction and carcinogenesis. 

In the presented work, the cell adhesion protein protocadherin LKC (PLKC) was 

analyzed in respect of its expression in epithelial cells and subcellular distribution as 

well as transport characteristic and functional properties. It has been already shown 

previously that a re-expression in a PLKC-deficient colon-carcinoma cell line results 

in reconstitution of polar epithelial morphology (Okazaki et al., 2003). Therefore 

possible implications in growth arrest and cell cycle regulation were elucidated.  

First, the expression of PLKC mRNA in different epithelial cell was assayed by use of 

semiquantitative PCR. In all cell lines tested, a significant increase of mRNA 

concentration during distinct phases of cell differentiation was observed. This is in 

line with the finding that PLKC is redistributed at the apical membrane and at sites of 

lateral cell-cell contacts when cells get in first contact with each other. 

In order to analyze the subcellular localization and biochemical characteristics, the 

cDNA encoding PLKC was cloned into the eukaryotic expression vector pEYFP-N1. 

Thereby it was possible to visualize the protein in a cell culture system by means of 

high resolution confocal laser microscopy. In a completely differentiated monolayer of 

kidney epithelial cells (MDCK-II), which were stably transfected with PLKC-YFP, the 

protein was predominately localized at the apical and lateral membrane. 

Quantification by use of a cell surface biotinylation revealed an apical sorting fidelity 

of over 95 %.  

At the lateral domain, PLKC colocalizes neither with E-cadherin, a marker for 

adherens junctions, nor with ZO-1 or occludin both represented in complexes of the 
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tight junctions. In contrast, a significant colocalization with actin filaments at the 

apical membrane and in the lateral cell contact sites was detected. However, a 

strong connection to the actin cytoskeleton as it is described for several cadherins 

does not take place. 

The performed biochemical analyses showed that PLKC is transported rather quickly 

to the cell surface and that it’s trafficking as well as the anchoring in the cell 

membrane is mediated by detergent resistant lipid microdomains (so called “rafts”).  

A block of discrete glycosylation events as well as the stable expression of PLKC in 

glycosylation-deficient cells demonstrated that the correct protein targeting is neither 

dependent on O- nor on N-glycosylation. 

Furthermore, functional properties of PLKC were investigated in a fibroblast-model 

(Chinese Hamster Ovarian cell, CHO). Therefore, a new cell line (CHO-PLKC-YFP), 

stably expressing PLKC-YFP was established and cell aggregation activity, 

proliferation rate and growth characteristics were compared with cells which have 

been transfected with an empty vector. The results prove that PLKC exhibits a 

significant calcium dependent adhesion activity which is not mediated by the actin 

cytoskeleton. Surprisingly, this activity is nearly as strong as the one measured for E-

cadherin and stronger than in case of N-cadherin in the same model. The fact that 

PLKC was found to be expressed on the cell surface as a homophilic dimer led to the 

speculation that cell-adhesion is mediated by dimerization as it is described for other 

cadherins, integrins or immunoglobuline receptors. However, a trans-cellular dimeric 

form, tethering two neighbouring cells together, was not detectable by the applied 

technique. 

Moreover, the analyzed protocadherin is capable to change growth characteristics 

and morphology of confluent CHO cells. CHO cells transfected with an empty vector 

showed a typical oval or longish cell shape and a “fish-swarm-like” morphology, 

whereas confluent CHO cell stably expressing PLKC-YFP exhibited rather a round, 

square or rhomboid cell shape which resembles the growth morphology of an 

epithelial monolayer. In this cell culture, PLKC was predominately localized at sites of 

cell-cell contacts. Evaluations of the cell proliferation compared to mock-transfected 

cell showed no significant influence on growth characteristics. 
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However, the stable transfection of PLKC in MDCK cells resulted in a significant 

increase in the transepithelial electrical resistance, indicating that PLKC exhibits 

strong cell-cell adhesion activities either by direct sealing the intercellular space or by 

induction of tighter formation of the zonula occludens. Finally the function of PLKC 

was explored in MDCK-II cells by downregulation of endogenous PLKC. 72 hours 

after injection of a PLKC-specific siRNA, the treated cells exhibited an altered, 

polymorphic cell shape and the cell borders to neighbouring cells became fuzzy, 

hinting at a tendency for cell expansion. By use two-dimensional polyacrylamid gel 

electrophoresis, several potential adaptor proteins have been identified which are 

probably bound by the cytoplasmic tail and which may contribute to an intracellular 

signaling of PLKC. In order to gain insights in structural feature of PLKC, different 

deletion mutants were constructed and thereby the role of the discrete extracellular 

cadherin domains, the transmembrane region, the intracellular PDZ-binding motif or 

the whole cytosolic tail was determined. The results indicate that a deletion of the 

membrane spanning region abolishes the association with lipid microdomains and 

creates a secretory variant of the protein. Nevertheless, the apical sorting efficiency 

is maintained and the anchorless protein is nearly exclusively secreted into the apical 

cell supernatant. A lack of the cytosolic fragment results in a random transport to 

either the apical or the basal cell surface. Furthermore, a distinct amount of protein is 

blocked intracellular in the golgi apparatus and the lateral cell-cell contact sites are 

devoid of the mutated PLKC. This led to the conclusion that the apical as well as the 

lateral sorting is mediated by the cytosolic tail whereas a basic transport competence 

is at least in part still maintained, when the cytoplasmic region is deleted. 

Among the extracellular domains which are arranged in seven so called “cadherin 

repeats”, the first motif, located at the amino-terminal end, seems to be essential for 

correct processing of PLKC because a deletion of this domain resulted in a total 

block of the protein in the endoplasmic reticulum. An excision of the sixth cadherin 

repeat decreased significantly the intracellular trafficking but the subcellular 

distribution is not affected. All other cadherin motif deletion mutants and the 

truncation of the C-terminal PDZ-binding motif did not show any effect on protein 

transport or intracellular localization. 
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7 Zusammenfassung  
Michael Peter Rolf Krahn 
Expression und Charakterisierung von Protocadherin LKC im 

Säugetierzellmodell 

 

Vermittlung von Zell-Zell Kontakten und damit verbundenen intrazellulären 

Signalkaskaden ist ein essentielles Ereignis in der funktionellen und 

morphologischen Etablierung von verschiedenen und insbesondere von epithelialen 

Geweben. Vielfach konnte bereits gezeigt werden, dass eine veränderte Expression 

von Zell-Zell Adhäsionsmolekülen zu ernsten Störungen der Zellphysiologie führen, 

deren Auswirkungen von einzelnen Organdefekten bis hin zur Krebsentstehung 

reichen. 

In der vorgelegten Arbeit wurden für das Zell-Adhäsionsmolekül Protocadherin LKC 

(PLKC) die Expression in epithelialen Zellen, intrazelluläre Lokalisation, sowie das 

Transportverhalten und funktionelle Eigenschaften untersucht. 

Da bereits in einer früheren Studie gezeigt werden konnte, dass eine Re-Expression 

in einer PLKC-defizienten Colon-Carcinoma Zelllinie mit der Wiederherstellung der 

polaren Wachstumsmorphologie verbunden ist (Okazaki et al., 2003), wurde das 

Protocadherin vor allem auch in Hinblick auf seine möglichen Implikationen in 

Wachstumsprozessen und morphologischer Regulation genauer analysiert.  

Dazu wurde zunächst die mRNA Expression in verschieden epithelialen Zelllinien, 

mittels semiquantitativer RT-PCR untersucht. Hier wurde für alle bearbeiteten 

Zelltypen eine signifikante Steigerung der mRNA Konzentration im zeitlichen Verlauf 

der Ausdifferenzierung der Zellen nachgewiesen. Dies korreliert mit einer 

Umverteilung des Proteins zur apikalen Membran und in die Regionen der Zell-Zell-

Interaktion an der lateralen Membran.  

Zur Untersuchung der intrazellulären Verteilung und seiner biochemischen 

Eigenschaften wurde die cDNA des PLKC in einen Reportergenvektor kloniert 

(pEYFP-N1), wodurch das Protein mittels hochauflösender konfokaler Laser-

mikroskopie im Zellkulturmodell visualisiert werden konnte. In voll ausdifferenzierten 
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Monolayern von Nierenepithelzellen (MDCK-II), die stabil mit PLKC-YFP transfiziert 

wurden, wurde das Protein hauptsächlich an der apikalen und lateralen Membran 

gefunden. Die Quantifizierung der Proteinverteilung über eine 

Oberflächenbiotinylierung ergab eine über 95 %ige Sortiergenauigkeit zur apikalen 

Membran. 

An der lateralen Membran colokalisiert PLKC jedoch weder mit E-cadherin, einem 

bekanntem Marker für die Adherens junctions, noch mit Occludin oder ZO-1, beides 

Proteine der zonula occludens. Dagegen wurde eine deutliche Kolokalisierung mit 

Aktinfibrillen an lateralen Zellkontakten und an der apikalen Membran gefunden, 

allerdings findet eine stärkere Bindung des Aktinzytoskelettes, wie sie von anderen 

Cadherinen beschrieben ist, nicht statt.  

Die durchgeführten biochemischen Analysen zeigten, dass PLKC sehr schnell zur 

Zelloberfläche transportiert wird und dass sowohl dieser Transport als auch die 

Verankerung in der Zellmembran durch detergensresistente Lipidmikrodomänen (so 

genannte „rafts“) vermittelt werden. Nachfolgend wurde durch die gezielte 

Blockierung einzelner Glykosylierungsschritte sowie durch eine stabile Expression 

des Proteins in glykosylierungsdefizienten Zelllinien bewiesen, dass der gerichtete 

Transport wie auch die Assoziierung mit „rafts“ weder von der O- noch von der N-

Glykosylierung abhängt. 

Des Weiteren wurden funktionelle Aspekte des Protocadherin LKC in einem 

Fibroblastenmodell (Chinese Ovarian Hamster Zellen, CHO) getestet. Hierzu wurde 

eine neue Zelllinie (CHO-PLKC-YFP) etabliert, die das Protein stabil exprimiert und 

Zell-aggregationseigenschaften, Proliferationsrate und Wachstumsmorphologie mit 

untransfizierten bzw. mit einem leeren Vektor transfizierten Zellen verglichen. Die 

Ergebnisse zeigen, dass PLKC eine deutliche, Kalzium-abhängige Zell-Adhäsions-

Aktivität aufweist, die jedoch nicht vom Aktinzytoskelett vermittelt wird und 

erstaunlicherweise nur unwesentlich niedriger ist als die des E-Cadherins und die 

des N-Cadherin (beide als Marker eingesetzt) sogar übertrifft. 

Da darüber hinaus eine Dimerisierung des Protocadherin PLKC nachgewiesen 

wurde, liegt die Vermutung nahe, dass, ähnlich wie bei klassischen Cadherinen, 

Integrinen oder Immunoglobulin-Rezeptoren, mögliche Zell-Zell Interaktionen über 
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dimere Formen vermittelt werden – allerdings konnte eine transzelluläre 

Dimerisierung zwischen zwei benachbarten Zellen mit der verwendeten Methodik 

nicht nachgewiesen werden. 

Das untersuchte Protocadherin ist weiterhin in der Lage, die Zellmorphologie 

konfluenter CHO-Zellen zu ändern. Während die mit einem leerem YFP-Vektor 

transfizierten Fibroblasten eine typische, längliche Form und eine 

„fischschwarmförmige“ Wachstumsmorphologie zeigen, nehmen Zellen, die stabil 

PLKC exprimieren, eher eine runde oder rhombische bis sechseckige Gestalt an und 

weisen nach Erreichen einer gewissen Dichte eine epithelähnliche 

Wachstumsmorphologie auf. In diesen Zellen ist das Protein deutlich in den Zell-Zell 

Interaktionszonen lokalisiert. Untersuchungen zur Proliferationsgeschwindigkeit 

zeigten jedoch, dass es zu keiner Beeinflussung der Teilungsrate der Zellen im 

Vergleich zum Wildtyp kommt. 

In epithelialen Zellen konnte nachgewiesen werden dass eine Überexpression von 

Protocadherin LKC einen deutlich gesteigerten Widerstand des Zellverbandes 

induziert, was auf ein hohes Potential des Proteins in Zell-Zell-Adhäsionsprozessen 

hindeutet. 

Schließlich wurde die Funktion des PLKC durch Herabregulierung des endogenen 

PLKC-Levels in MDCK-II Zellen analysiert. Hier erscheinen 72 Stunden nach 

Injektion von PLKC-spezifischer anti-sense RNA die behandelten Zellen polymorph, 

die Zellgrenzen zu benachbarten Zellen werden undeutlich und die Zellen scheinen 

zu expandieren.  

Mit Hilfe einer zweidimensionalen Gelelektrophorese war es ferner möglich, mehrere 

potentielle neue Bindungspartner zu identifizieren, die an die cytoplasmatischen 

Domäne des Protocadherin LKC binden und eventuell mögliche intrazelluläre 

Signalübertragungswege vermitteln können. 

Um Aufschluss über strukturelle Charakteristika des Proteins zu gewinnen wurden 

verschiedene Deletionsmutanten erstellt und somit die Rolle der einzelnen 

extrazellulären Domänen, der Transmembran-Domäne sowie einer intrazellulären 

PDZ-Bindungssequenz bzw. der gesamten zytosolischen Domäne untersucht. 
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Dabei stellte sich heraus, dass durch die Deletion der Transmembran-Domäne zwar 

die Assoziation mit „rafts“ aufgehoben wird und eine sekretorische Variante kreiert 

wird, aber eine eindeutig apikale Sortierung beibehalten wird. 

Ein fehlendes zytosolisches Fragment des Proteins resultiert in einem willkürlichen 

Transport sowohl zur apikalen als auch zur basalen Seite und einem partiellen 

intrazellulären Block im Golgi-Apparat. Interessanterweise wird diese Mutante nicht 

mehr in die Zell-Zell Interaktionsräume transportiert, was darauf hindeutet, dass 

sowohl der gezielte laterale Transport, als auch die gerichtete Sortierung zur 

apikalen Membran durch die zytoplasmatische Domäne beeinflusst wird, während 

die grundlegende Transport-Kompetenz noch eingeschränkt erhalten bleibt. 

Unter den extrazellulären Domänen, die sich in sieben so genannte „cadherin 

repeats“ gliedern, hat das erste, am N-Terminus gelegene Repeat anscheinend eine 

grundlegende Bedeutung für die Prozessierung des Proteins, da seine Deletion in 

einem vollständigen Transportblock im Endoplasmatischen Retikulum resultiert. Eine 

Ausschaltung der sechsten Domäne verlangsamt den Transport des Proteins sehr 

stark, die intrazelluläre Verteilung wird jedoch nicht beeinflusst. Alle anderen 

Cadherin-Repeats, wie auch die cytoplasmatische PDZ-Bindungssequenz scheinen 

keinen Einfluss auf die die Prozessierung des Protocadherins zu haben. 
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